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ABSTRACT
PHYTOPLANKTON DYNAMICS IN THE VERY LOW SALINITY REGION 
OF THE JAMES RIVER ESTUARY, VIRGINIA, U.S.A.
Changho Moon 
Old Dominion U n i v e r s i t y ,  1987 
D i r e c t o r :  Dr.  W i l l i a m  M. Dunstan
Surface phytoplankton biomass was measured a t  approx imate ly  one 
month i n t e r v a l s  from July  1986 to August 1987 along the ax is  of  the main 
channel in the James R iver  es tuary ,  V i r g i n i a .  During summer and autumn 
when r i v e r  d ischarge was less than 120 m3s e c * 1, the re  was a peak 
ph/ top lankton  biomass in the very  low s a l i n i t y  region (de f ined as the  
lo c a t io n  where sur face s a l i n i t y  measured less than 0 . 5  0/ 00) and t h is  
peak represented f i v e  to  ten times g re a te r  biomass than ad jacen t  waters  
f u r t h e r  up and downstream. The peak biomass occurred independent of  the  
t i d a l  s t a t e  and the lo c a t io n  of n u t r i e n t  inputs .  The peak biomass 
disappeared dur ing w in te r  and spr in g ,  and n u t r i e n t  l i m i t a t i o n  was not  
responsible  fo r  the low phytoplankton biomass, in d ic a t in g  tha t  p h ys ic a l ,  
not chemical ,  fa c to r s  were c o n t r o l l i n g  the abundance w i t h i n  t h i s  zone.
The peak biomass was hypothesized to be caused by hydrodynamic 
t ra p p in g ,  the same mechanism involved in the format ion of  the t u r b i d i t y  
maximum, and by increased phytoplankton residence t ime dur ing per iods of  
low r i v e r  d ischarge.  Close balance of  s in k in g  ra tes  of  dominant  
phytoplankton species w i t h  the net  upward v e r t i c a l  water  v e l o c i t y ,  
r e l a t i v e l y  la rge netplankton biomass ( re ta ined  by 28 urn screen ) ,
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exhaust ion of  d issolved s i l i c a t e ,  r e l a t i v e l y  high r a t i o  of  p a r t i c u l a t e  
biogenic  s i l i c a  to p a r t i c u l a t e  organic  carbon, and r e l a t i v e l y  low r a t i o  
of  p a r t i c u l a t e  organic  carbon to ch lorophy l l  a in the very  low s a l i n i t y  
region in d ic a t e  tha t  diatoms are  s e l e c t i v e l y  trapped w i t h i n  t h i s  zone.
As r i v e r  d ischarge increased during w in te r  and spr ing ,  the magnitude 
of  the t u r b i d i t y  maximum increased but the peak biomass disappeared as a 
r e s u l t  of  decreased residence t ime of  phytoplankton,  decreased s inking  
r a t e  of phytoplankton due to increased water v i s c o s i t y  a t  low 
temperature ,  and increased n e t - c i r c u l a t i o n  which requi res  la rg er  s inking  
r a te s  to develops the peak biomass in the t u r b i d i t y  maximum zone.
There were some d i f f e r e n c e s  between the t u r b i d i t y  maximum zone and 
the lo cat ion  of  the peak biomass. High biomass in the very  low s a l i n i t y  
region decreased very r a p i d l y  before  the 1 .5  o /oo is o ha l in e ,  w h i l e  the 
t u r b i d i t y  maximum zone encompassed a much broader area.  R e l a t i v e l y  high 
r a t i o s  of  ch lor ophy l l  a to phaeopigments, and low r a t i o s  of p a r t i c u l a t e  
organic  carbon to n i t ro gen  in the very  low s a l i n i t y  region suggest tha t  
phytoplankton w i t h i n  t h i s  zone grew under good phys io log ical  cond i t io ns.  
Mass m o r t a l i t y  due to osmotic stress placed on f reshwater  phytoplankton  
appears to be the best  e xp la nat io n  fo r  the rapid loss of  biomass.
The occurrence of  the peak biomass and s e l e c t i v e  t rapping of diatoms  
in the very  low s a l i n i t y  region are  important  to food-webs and a lso to 
geochemical processes in the es tuary .
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1-1 In t ro d uc t io n
The upward extension of an e s tu ary ,  j u s t  upstream of the l i m i t  of  
s a l t  in t r u s i o n ,  is an important  s i t e  f o r  chemical and b i o lo g ic a l  
processes. Many physical  environmental  f a c to r s  are  involved in complex 
i n t e r a c t i o n s .  A knowledge of  the chemical re ac t i o n s  which occur w i t h i n  
t h i s  zone is e ss en t ia l  f o r  the p re cise  e s t im a t io n  of  the mass balance of  
elements and f o r  the p r e d i c t i o n  of  the f a t e  of  waste products discharged  
in to  r i v e r s  and the coasta l  region (Morris  e t  a l . ,  1982) .  Phytoplankton  
study w i t h i n  t h i s  zone is important  f o r  understanding the biogeochemical  
processes which occur in the estuary and fo r  i n v e s t i g a t i n g  the f a t e  of  
f reshwate r  phytop lankton.  The v a r i a t i o n s  of  phytoplankton biomass w i t h i n  
t h i s  zone may r e g u l a t e  some geochemical processes and phytoplankton  
dynamics in the seaward p o rt ion  of  an e s tu ary .  From the standpoint  of  
managing water  q u a l i t y ,  the area has a e u t r o p h ic a t io n  problem because 
maximum phytoplankton biomass occurs during per iods of low r i v e r  
discharge ( F i l a r d o  and Dunstan, 1985) and the area is e a s i l y  exposed to 
anthropogenic n u t r i e n t  sources (Lipson, 1973; Bennett  e t  a l . ,  1986).  
Phytoplankton w i t h i n  t h i s  zone has r e c e i v e d . 1i t t l e  a t t e n t i o n  to date ,  
perhaps because t h i s  geographic area f a l l s  between the t r a d i t i o n a l  realm 
of marine and f reshwater  e c o l o g i s t .
Mor r is  e t  a l . (1978) observed the rapid decrease o f  d issolved oxygen 
w i t h i n  the 0 .1 0  -  1.00 0 /0 0  mixing segment of the Tamar estuary ,  England.
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Oxygen supers a tura t io n  a t  the extreme seaward and f reshwater  ends o f  the 
estuary was a t t r i b u t e d  to a c t i v e  primary product ion of f reshwater  
phytoplankton and the sharp oxygen d ep le t io n  w i t h i n  the 0 .1 0  -  1.00 o/oo  
mixing segment was hypothesized to be a r e s u l t  of  mass m o r t a l i t y  of  
f reshwater  phytoplankton incapable of wi thst and in g  the sudden osmotic and 
composit ional change of  the mixing segment. I t  was reported tha t  the  
mass m o r t a l i t y  re su l t ed  in a continuous p la sm oly t ic  re lease  of  e a s i l y  
degradable  d issolved organic  m a t e r i a l .  High c oncent ra t io n  of  
phytoplankton biomass in the very  low s a l i n i t y  region and rapid  decrease  
of the biomass before  the approximately  2 o/oo is o h a l in e  in the James 
River  estuary were e.iso a t t r i b u t e d  to the osmotic s tre ss  encountered by 
the f reshwater  phytoplankton upon advect ion into  the estuary ( F i l a r d o  and 
Dunstan, 1985)* They f u r t h e r  showed the inverse r e l a t i o n s h i p  of  
phytoplankton biomass in the very  low s a l i n i t y  region w i t h  r i v e r  
discharge,  suggesting the hydrodynamic control  over the biomass.
High phytoplankton biomass in the very  low s a l i n i t y  region and rapid  
decrease of  the biomass was a lso  reported in the Delaware es tuary by 
Sharp e t  a l .  (1982) and Pennock (1983)* However, the i n i t i a l  decrease in 
phytoplankton biomass was a t t r i b u t e d  to an increase in suspended sediment  
in the low s a l i n i t y  region which r e s t r i c t s  the amount of photosynthesis  
by l i m i t i n g  the phot ic  zone. Edzwald e t  a l .  (197*0 and Avnimelech (1982) 
a t t r i b u t e d  the i n i t i a l  decrease in phytoplankton biomass to  mutual 
f l o c c u l a t i o n  of a lgae and c o l l o i d a l  p a r t i c l e s  when f reshwater  mixes w i t h  
seawater .  The increase in f l o c c u l a t i o n  re s u l ts  in an increased  
sedimentat ion of phytoplankton together  w i t h  sediments.
Consequently,  the hypotheses suggested fo r  the i n i t i a l  decrease in 
phytoplankton biomass in low s a l i n i t y  regions are  osmotic s tre ss  of
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f reshwate r  phytoplankton upon advect ion in to  the e s tu ary ,  increased  
s e t t l i n g  v e l o c i t y  as a r e s u l t  of  f l o c c u l a t i o n  o f  a lgae and c la y s ,  and 
decreased l i g h t  p en e t r a t io n  due to high concen trat ion  of  suspended 
sediment in the low s a l i n i t y  a rea .  Studies of  i n i t i a l  decrease in 
phytoplankton biomass imply th a t  phytoplankton biomass in the f reshwate r  
zone is g e n e r a l l y  h igher than tha t  in m id -es tuary ,  but the biomass in the  
f reshwate r  zone, beyond the l i m i t  of  s a l t  i n t r u s i o n ,  was not  
i n v e s t i g a t e d .
A d i f f e r e n t  s i t u a t i o n  was descr ibed by Cloern e t  a l .  (1983) and 
Anderson (1986) who reported a peak phytoplankton biomass in the upper 
reach of  the northern San Francisco Bay estuary and the Chesapeake Bay 
t r i b u t a r i e s  dur ing per iods o f  low r i v e r  d ischarge.  They showed t h a t . t h e  
peak region has several t imes g re a te r  biomass than ad jacen t  waters  
f u r t h e r  up and downstream. The peak biomass in the San Francisco Bay 
es tuary  occurred a t  the 3 “ ^ 0 /0 0  mixing segment, w h i l e  the peak biomass 
in the Chesapeake Bay t r i b u t a r i e s  occurred in the f res h /seawat e r  
i n t e r f a c e ,  j u s t  upstream of  s a l t  in t r u s i o n .
Cloern e t  a l .  (1983) and Anderson (1986) suggested t h a t  format ion of  
the peak biomass is a consequence of  the same physical  mechanisms th a t  
c r e a te  local  maxima of  suspended sediments in p a r t i a l l y - m i x e d  e s t u a r i e s : - 
den s i t y  -  s e l e c t i v e  r e t e n t i o n  of p a r t i c l e s  by e s tu ar in e  c i r c u l a t i o n .  I t
was suggested t h a t  diatoms are  s e l e c t i v e l y  t rapped in the t u r b i d i t y  
maximum zone because t h e i r  r e l a t i v e l y  high s in king  ra te s  are  
approx imately  the same as the v e r t i c a l  cur ren ts  in the " n u l l "  zone.  
Netplankton biomass, d isso lved  s i l i c a t e  d i s t r i b u t i o n  and dominant  
phytoplankton species in the nu l l  zone were presented as the evidences  
f o r  the t rapping mechanisms. However, r e l a t i v e  importance of  diatoms in
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p a r t i c u l a t e  organic  carbon and phys io lo g ic a l  s t a t e  of  the diatoms in the  
peak biomass zone were not re p o r te d .  Moreover,  the t r ap p in g  mechanism 
suggested f o r  the peak phytoplankton biomass impl ies t h a t  st ronger  
magnitude of  the t u r b i d i t y  maximum is r e l a t e d  to h igher  concent ra t io n  of  
phytoplankton biomass in the very  low s a l i n i t y  re g io n .  However, the  
d i s t r i b u t i o n  and abundance of  phytoplankton in an es tu ary  are  determined  
by the b i o l o g i c a l  processes in a d d i t i o n  to the t r a n s p o r t  mechanism tha t  
a f f e c t s  suspended sediments.  Agal c e l l s  a lso  grow, d i v i d e ,  decompose or 
a re  consumed u n l i k e  the inorganic  p a r t i c l e s .  R e l a t io n s h ip  between the 
magnitude of  the t u r b i d i t y  and phytoplankton biomass w i t h i n  the very  low 
s a l i n i t y  region has not been s tu d ie d .
In a d d i t i o n  to  the hypothesized t rapp ing  mechanism as a f a c t  in 
producing the peak biomass, t ran s p or t  of phytoplankton from shoals to 
ad jacen t  main channels is suggested in the northern  San Francisco Bay 
est uary  (Cloern e t  a l . ,  1983)* .  The northern San Francisco Bay estuary  
has a shal low and expansive embayment compared to  the James River  estuary  
where the shoals a r e  very  narrow. The peak biomass in the northern San 
Francisco Bay es tuary  comprises more than 80% of  n e r i t i c  diatoms, which 
are  t ranspor ted  from the pro duct ive  shallow shoals to the main channel  
and are  t rapped in the t u r b i d i t y  maximum zone (Cloern e t  a l . ,  1983) .  
However, in the James River  es tuary ,  the major source c o n t r i b u t i n g  to the 
peak biomass is probably  f reshwate r  p roduct ion .  Freshwater species of  
diatoms are  re por ted  as the major component of  the very  low s a l i n i t y  
region  ( F i l a r d o  and Dunstan, 1985; Anderson, 1986) .  The importance of  
shoals in causing the peak biomass in the James River  est uary  has not 
been s tu d ie d .
Though both Cloern e t  a l .  ( 1983) and Anderson ( 1986) emphasized the
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importance of r i v e r  d ischarge in causing the peak biomass, they did  not  
r e p o r t  e f f e c t  of  r i v e r  f low on the magnitude of  the peak biomass 
q u a n t i t a t i v e l y .  Moreover,  the disappearance of  the peak biomass in the 
James River  estuary was not shown because of  the lack of  w in te r  data .
In a d d i t i o n  to the hypothesized t rap p in g  mechanism, Anderson (1986) 
suggests t h a t  the rapid  r e m i n e r a l i z a t i o n  of n u t r i e n t s  e a r l y  in the 
t r a n s i t i o n  from a f resh to s a l i n e  environment  supports the high biomass 
in the Chesapeake Bay t r i b u t a r i e s .  Dissolved s i l i c a t e  d i s t r i b u t i o n  in 
the Rappahannock River  estuary  showed an increase in concen trat ion  at  
m id -es tu a ry ,  a f t e r  near complete removal of  the r i v e r i n e  supply by the 
diatoms a t  the f resh /s eaw ate r  i n t e r f a c e  dur ing per iods of  low r i v e r  
d is charg e .  However, Anderson ( 1986) d id  not re p o r t  the behavior  of other  
n u t r i e n t s  such as n i t r a t e  and phosphate which are  e s s e n t ia l  fo r  
phytoplankton growth. Moreover,  any c on cen t ra t io n  of  n u t r i e n t  was not 
determined except  d issolved s i l i c a t e  dur ing l a t e  spr ing and summer in the  
James R iver  e s tu ary .  The l o c a t io n  of  n u t r i e n t  inputs as we l l  as the 
rap id  re gen er at ion  may be involved in causing the peak biomass. Lippson 
(1973) a t t r i b u t e d  the high c h lorophy l l  concen t ra t ion  in the upper Potomac 
and Patuxent  r i v e r s  to the enr ichment  from Washington D.C. I t  has not 
been studied whether the lo c a t io n  of  n u t r i e n t  inputs is important  in 
causing the peak biomass in the James River  es tu ary .
Hass (1977) observed the o s c i l l a t i o n  of  the James, York and 
Rappahannock Rivers  between v e r t i c a l  homogeneity and s t r a t i f i c a t i o n  in 
con junct ion  w i t h  the monthly spr ing -  neap t i d e .  Webb and D 'E l i a  ( I 98O) 
stu d ied  the e f f e c t s  of  the spr ing  t i d a l  d e s t r a t i f i c a t i o n  on n u t r i e n t  and 
oxygen d i s t r i b u t i o n  in the York R iv e r .  During the per iods of neap t i d e ,  
v e t i c a l  p r o f i l e s  of n u t r i e n t  and oxygen s tr o n g ly  r e f l e c t e d  the
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s t r a t i f i c a t i o n  s ta te  of  the est uary ,  w h i l e  during the per iods of spr ing  
t i d e  the v e r t i c a l  p r o f i l e s  showed d e s t r a t i f i c a t i o n .  I t  was suggested 
t h a t  v e r t i c a l  mixing accompanying d e s t r a t i f i c a t i o n  replenishes  oxygen in 
the deep w a te r ,  a l low in g  aerobic  processes to proceed, which may 
a c c e le r a te  the input  of  benthic  regenerated n u t r i e n t s  in to  the euphotic  
zone. In add i t io n  to the lunar cycle  of  t i d e ,  d iu rn a l  cycles of t i d e ,  
f lo od in g  and ebbing t i d e ,  a f f e c t  the v e r t i c a l  d i s t r i b u t i o n  of  t o t a l  
suspended matter  w i t h  vary ing  c ur ren t  speed (Nichols ,  1972) .  I t  has not 
been in ves t i ga ted  whether the peak biomass occurs independent of the  
t i d a l  s t a t e ,  and how much the lo ca t io n  and the magnitude o f  the peak 
biomass change according to the t i d a l  s t a t e .
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1-2 Ob ject ives  
The o b je c t iv e s  of  the study were:
( 1) to observe the occurrence,  the p o s i t io n  and the magnitude of  
peak phytoplankton biomass in the very  low s a l i n i t y  region of  the James 
River  estuary ( the peak biomass was posi t ioned  by the d is ta nce  from a 
f i x e d  p o s i t io n  of  Newport News Shipyard and by the sur face s a l i n i t y  
measured a t  the peak, and the magnitude of  the peak biomass was def ined  
as the maximum concen t ra t ion  of  ch lo r op h y l l  a in the peak zone) ;
(2) to study some fa c to r s  which may a f f e c t  the occurrence,  the  
p o s i t i o n ,  and the magnitude of  the peak phytoplankton biomass ( t i d a l  
s t a t e ,  amount o f  r i v e r  d ischarge,  and n u t r i e n t s  were assumed as possib le  
fa c to rs )  ;
(3) to in v e s t i g a t e  the processes involved in causing the observed 
peak phytoplankton biomass ( i t  was hypothesized t h a t  peak biomass is 
caused by hydrodynamic t rapp ing ,  the same mechanism involved in the  
format ion of  the t u r b i d i t y  maximum in a p a r t i a l l y - m i x e d  e s t u a r y ) .
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1-3 L i t e r a t u r e  Review
S a l i n i t y  E f f e c ts  on Growth and Photosynthesis  of  Phytoplankton
S a l i n i t y  is considered an important  eco lo g ic a l  v a r i a b l e  in the  
marine environment ,  p a r t i c u l a r l y  in e s t u a r in e  regions and inshore areas  
where p la nk ton ic  a lgae a re  o f te n  subjected to  w id e ly  f l u c t u a t i n g  s a l t  
co n c en t ra t io n s .  Algae face  problems of  r e g u l a t i n g  movement of  water  
between the c e l l  i t s e l f  and i t s  environment.  When a c e l l  is subjected to 
a d i l u t i o n  s t r e s s ,  the water  w i l l  ente r  the c e l l  causing the c e l l  to 
s w e l l ,  w h i l e  in a s a l t  s t r e s s ,  water  e x i t s  from the c e l l  leading to  
plasmolysis  ( G u i l l a r d ,  1962) .
I t  has been demonstrated t h a t  the i n t e r n a l  osmotic pressure of  
p la nk ton ic  a lgae is regu la ted  through the synthesis  or breakdown of  
organ ic  molecules.  The o sm ot ic a l ly  a c t i v e  solutes (osmolytes) w i t h i n  
c e l l s  a re  q u i t e  d i f f e r e n t  from those o u ts id e ,  and the major osmolytes are  
r e s t r i c t e d  to a few c lasses of  low molecular  weight  metabol ic  products  
such as po ly hydr i c  a lcoho ls  and f r e e  amino acids :  g ly ce ro l  f o r  green 
f l a g e l l a t e s ,  D u n a l i e 11 a (C ra ig ie  and McLachlan, 1961*; Ben-Amotz, 1975; 
Jones and Galloway,  1979; Brown and Borowitzka,  1979) and Asteromonas 
(Ben-Amotz and Avron, 1980) ,  c y c l i t o l  c yc lo h exan e te tr o l  f o r  a marine  
haptophyte,  Monochrys i s 1uther  i ( C r a ig ie ,  1969) ,  manni tol  f o r  Platymonas 
s u e c i c a , a green f l a g e l l a t e  ( H e l l e b u s t ,  1976) ,  i s o f l o r i d o s i d e  fo r  a 
f reshwate r  chrysophyte,  Ochromonas malhamensi s (Kaus, 1967) ,  sucrose fo r  
a f res hwate r  a lg ae ,  Scenedesmun obliquus (W e th e re l l ,  1963) ,  mannose fo r  
an e s t u a r in e  pennate d iatom,  Cy1indrotheca f u s i f o r m i s  (Paul ,  1979) ,
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p r o l i n e  f o r  a marine c e n t r i c  d iatom,  C y c l o t e l 1 a c r y p t i c a  (Liu and 
H e l le b u s t ,  1976) and a marine u n i c e l l u l a r  a lg a ,  Nannochloris b a c i l l a r i s  
(Brown and H e l le b u s t ,  1980)-
Among the commonly u t i l i z e d  organic  osmolytes,  none has a p o s i t i v e  
charge t h a t  could form a complex w i th  g e n e r a l ly  n e g a t i v e ly  charged c e l l  
m e ta b o l i tes  (Yancey e t  a l . ,  1982) .  I t  was proposed th a t  the s e l e c t i v e  
advantages of the organic  osmolyte system a r e ,  f i r s t ,  no specia l  
r e s t r i c t i o n s  on the macromolecular s t r u c t u r e  of  the organisms th a t  use 
them, and, second, g r e a t l y  reduced need f o r  modifying p r o te in s  to  
fun c t io n  in concentrated i n t r a c e l l u l a r  s o l u t io n s .
When osmoregulat ion is def ined  as the processes and mechanisms by 
which p lants  ad jus t  the osmotic pressure in t h e i r  c e l l s ,  the 
osmoregulat ion must s a t i s f y  both the growth requirement  fo r  s u f f i c i e n t  
turgor  pressure and the phys io lo g ic a l  demand t h a t  the osmolytes do not  
i n t e r f e r e  w i t h  the e f f i c i e n t  opera t ions  of  metabol ic  r e a c t i o n s .
Many studies demonstrate t h a t  there  is a wide range of  s a l i n i t i e s  
t o l e r a t e d  by eur yh a l in e  organisms. McLachlan (1961) grew nine species of  
u n i c e l l u l a r  marine a lgae a t  var ious  s a l i n i t i e s  from 2.5  to 35 0 / 0 0 . A 
d i s t i n c t  s a l i n i t y  optimum was not found in Monochrysis. Syracosphaera, 
C y c l o t e l l a . T h a la s s io s i r a  and Cryptomonas, showing s l i g h t  reduct ion  in 
growth ra te s  w i th  increasing s a l i n i t y .  0 1 i thodi  scus showed maximum 
growth a t  s a l i n i t y  15 0 /0 0  and Amphidinium a t  25 0/ 0 0 . The s a l i n i t y  
range a t  which 0 . le teus occurs in natu ra l  water  was reported from 3 to 
33 0 /0 0  (Tomas, 1978) .  The species showed an increased to le ra n ce  to  low 
s a l i n i t y  w i th  inc reasing temperature .  Liu and Hel le bus t  (1976) 
demonstrated th a t  C. c r y p t i c a  can grow we l l  over a s a l i n i t y  range from 10 
to 150*  a r t i f i c i a l  sea w a te r ,  a lthough the species showed progressive
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reduct ion in growth ra tes  wi th  inc reasing s a l i n i t y .  Asteromonas 
q r a c i 1i s . present  in s a l t  marshes and s m a l P b r i n e  ponds which are  o f t en  
subjected to widely  f l u c t u a t i n g  s a l t  concen trat ion  (Floyd, 1978) ,  can 
t o l e r a t e  a broad range of s a l t  from 0 -5  M to k . 5 M NaCl (Ben-Anotz and 
Grundwald, 1981) .  The species grown on s a l t  concentrat ions between 0 .5  
to 2 .5  M NaCl m u l t i p l i e d  every 2k  hour,  w h i l e  above 2 .5  M the growth ra te  
g radua l l y  decreased to about 1.2 a t  k . 5  M Nacl .  Vonshak and Richmond 
(1981) demonstrated th a t  Anacystis n idulans exposed fo r  a prolonged  
per iod to a concentrat ion  of  up to  O . k  M NaCl can reach a steady s ta te  of  
growth, w h i l e  s p e c i f i c  growth r a t e  dec l ined  in c o r r e l a t i o n  w i t h  the  
increase in the concent ra t io n .  Brown (1982) observed exponent ia l  growth 
in N. b a c i 1 l a r i s  over the range of  2 to 300% a r t i f i c i a l  sea wa te r .  The 
species grew more r a p id ly  a t  lower s a l i n i t i e s .
In genera l ,  most eur yhal ine  microalgae e x h i b i t  maximal growth a t  low 
s a l i n i t i e s  in the steady s t a t e .  Although some species (McLachlan, 19 6 1) 
showed s a l i n i t y  optima for  growth, t h i s  was s t i l l  a t  a s a l i n i t y  lower 
than tha t  of f u l l  s t rength sea w a te r .  The behavior was a t t r i b u t e d  to 
the increased energy needed for  ion pumping and increased requirements  
fo r  reduced carbon which occur at  high s a l i n i t y  as a consequence of  
osmoregulation (Brown, 1982) . These increased requirements may l i m i t  
growth a t  high s a l i n i t y  by l i m i t i n g  metabol ic  energy a v a i l a b l e  for  
growth.
S tead y-s ta te  photosynthet ic  r a te s  seem to be less s e n s i t i v e  to 
s a l i n i t y  than growth r a te s .  Broad optima f o r  photosynthesis a t  var ious  
s a l i n i t i e s  were observed fo r  P. suecica (He l le bust ,  1976) ,  A. q r a c i 1 is 
(Ben-Amotz and Grunwald, 1981) , A. n idulans (Vonshak and Richmond, 1981) 
and N. b a c i 1lar  is (Brown, 1982) , which showed s i g n i f i c a n t  decreases in
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the s p e c i f i c  growth r a t e  a t  high s a l i n i t i e s .  The high r a t i o  of  
photosynthet ic  r a t e  to  s p e c i f i c  growth r a t e  caused by high s a l i n i t y  was 
exp la ined  as an increasing demand f o r  photosynthesis  to  g ive  the same 
u n i t  growth r a t e  a t  high s a l i n i t y  (Ben-Amotz and Grunwald, 19 8 1) .
Sudden s a l i n i t y  changes i n t e r f e r e  d i f f e r e n t l y  w i t h  c e l l  growth and 
photosynthesis ,  depending on the exis te nce  of c e l l  w a l l ,  because 
osmoregulat ion in wa l l ed  c e l l s  involves the r e g u l a t io n  of turgor  
pressure,  w h i l e  in naked c e l l s  which are  unable to wi thstand s i g n i f i c a n t  
turgor  pressure,  volume cont ro l  is involved.
For naked c e l l s ,  the downward shock from high to low s a l i n i t y  
g e n e r a l ly  i n t e r f e r e s  more w i t h  c e l l  growth and photosynthesis  than the  
upward shock. The naked c e l l s  behave as osmometer and exper ience  
sw el l in g  damage f o l lo w in g  hypotonic s tre ss  (Brown, 1982) .  Increases in 
water p o te n t i a l  owing to decreases in s a l i n i t y  o f te n  r e s u l t  in c e l l  
rupture or a t  l e as t  s u b s ta n t i a l  increases in p e r m e a b i l i t y  and increased  
e x c r e t i o n ,  p a r t i c u l a r l y  in naked c e l l s  (Brown, 1985) .  Hypotonic ly s is  
was found as a r e s u l t  of  t r a n s f e r  from 100 to 15% seawater in H. 1uther  i 
( C r a ig ie ,  1989)• S i m i l a r l y ,  the hypotonic l y s i s  was a lso observed in D. 
parva wi th the consequent i n h i b i t i o n  of photosynthesis  (Ben-Amotz and 
Avron, 1972) .  H e l le bus t  (1978) repor ted  tha t  the photosynthesis  
i n h i b i t i o n  in P. sue c ica . when h i g h - s a l i n i t y - a d a p t e d  c e l l s  were 
t r a n s fe r r e d  to low s a l i n i t i e s ,  is due to a n o n -s p e c i f i c  loss of  so lu b le  
c e l l  components as a r e s u l t  of  osmotic shock causing temporary membrane 
leakage.
For wa l led c e l l s ,  sudden increases in s a l i n i t y  g en e ra l ly  i n t e r f e r e  
more w i t h  c e l l  growth and photosynthesis  than decreases in s a l i n i t y  as 
were shown in C. c r y p t i c a  (Liu and H e l le b u s t ,  1976) ,  C h l o r e l l a  emersoni i
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(Se t t e r  and Greenway, 1979) and N. b a c i 1 la r  i s (Brown, 1982) .  L iu  and 
H el lebust  (1976) repor ted  t h a t  the growth i n h i b i t i o n  in C. c r y p t i c a  by 
the upward shock was due to  temporary p lasm olysis ,  decreased  
photosynthesis  and increased osmolyte (po l ine)  s yn thes is .  The reason 
th a t  the w a l l e d  c e l l s  are  r e s i s t a n t  to  downward shock was a t t r i b u t e d  to  
a b i l i t y  to  wi thstand  cons id erab le  tur gor  pressure (Brown, 1982) .  When an 
in te rm ed ia te  s a l i n i t y  step was pro vided ,  both growth and photosynthesis  
in N. b a c i 1 l a r i s  were enhanced (Brown, 1985)•  I t  was repor ted  th a t  
increasing  the length of  the in te rm ed ia te  step from 10 to  120 minutes  
re su l t ed  in a 1 68 - fo ld  increase in the r a t e  of  p h o to a ss im i la t io n  of  
bic arb onate ,  w h i l e  a da p ta t io n  of  growth took longer.
Many studies demonstrate t h a t  e u r yh a l in e  microalgae can t o l e r a t e  
wide ranges of  s a l i n i t i e s  in l a b o r a to ry  exper iments.  Even some 
f reshwate r  species such as S. obi iquus  ( W e th e re l l ,  196 3) and Ochromonas 
(Kaus, 1967) are  known to be ab le  to grow in s a l i n e  wa ter  by the  
synthesis  of  osmolytes. However, the mass m o r t a l i t y  o f  f reshwate r  
phytoplankton w i t h i n  the 0 . 1 0  -  1.00 0 /0 0  mixing segment in the Tamar 
Estuary (Morris  e t  a l . ,  1978) is d i f f i c u l t  to exp la in  w i t h  the la b or a to ry  
exper iments.  F i l a r d o  and Ounstan (1985) also reported sharp decrease in 
phytoplankton biomass w i t h i n  the 0 - 2  0 /0 0  segment in the James Estuary,  
which was a t t r i b u t e d  to the osmotic s tress  encountered by the f reshwater  
phytoplankton upon advect ion into  the e s tu ary .  I t  seems somewhat of  a 
paradox t h a t  many species can grow a t  var io us  s a l i n i t i e s  in the  
la b o r a to ry ,  but they have a very  narrow range of  s a l i n i t y  fo r  s u r v iv a l  in 
nature .
Most e ur yh a l in e  mic roalgae ,  in gen e ra l ,  e x h i b i t  maximal growth a t  
low s a l i n i t i e s  in the steady s t a t e ,  w h i l e  photosyn thet ic  ra tes  are
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r e l a t i v e l y  constant a t  va r io us  s a l i n i t i e s .  The behavior  was a t t r i b u t e d  
to  an increas ing  demand fo r  photosynthe t ic  a c t i v i t y  to  o b ta in  a constant  
growth r a t e  a t  e leva ted  s a l i n i t i e s .  This  impl ies the e x is te n ce  of  an 
e n e r g e t ic  com pet i t ion  between the demand fo r  growth and f o r  product ion of  
osmolytes.  However, metabol ic  conversion of  sta rch  to g ly ce ro l  in A. 
q r a c i 1is occurred in the absense of photosynthesis  and r e s p i r a t i o n  (Ben- 
Amotz and Grundwald, 1981) , w h i l e ,  in D. s a l i  na, oxygen e v o lu t io n  was 
s t im u la ted  by an increase in s a l i n i t y  (Kaplan e t  a l . ,  1980) .  The l a t t e r  
was ascr ibed to conversion of  starch to g ly cero l  which req u i res  
photosyn thet ic  ATP and reducing power, and r e s u l t s  in oxygen evo lu t io n  
w i thout  b icarbonate  a s s i m i l a t i o n .  The mechanisms of  e n e r g e t ic  
com pet i t ion are  not c l e a r l y  e lu c id a te d  and the f a t e  of  the metabol ic  
conversions of  osmolytes is not c le a r  e i t h e r .
Most work on photosynthesis  has been done in the l a b o r a to ry  w i t h  a 
few species.  I t  is necessary fo r  f u r t h e r  research to study the  
f l u c t u a t i o n  of  gross production caused by seasonal or lon g-te rm change of  
s a l i n i t y  in e s t u a r in e  and coastal  wa te rs .




The James River  estuary (F ig .  1 ) ,  the southernmost of the major 
r i v e r s  emptying into the western s ide of  the Chesapeake Bay, extends the  
e n t i r e  breadth of  the S ta te  of  V i r g i n i a ,  from i t s  mouth a t  Hampton Roads 
to  i t s  headwaters in the Appalachian Mountains near the V i r g in ia -W e s t  
V i r g i n i a  s t a t e  l i n e .  The estuary fo l lows  the course of a former r i v e r  
v a l l e y  drowned w i t h i n  the la s t  9t000 years by the most recent  r i s e  of  sea 
level  (Nichols ,  1972) . The f l o o r  is shaped into a cen t ra l  channel  
bordered by submerged shoals .
The James River  estuary is about 6W  km long and has a dra inge area  
of  approximately  21,500 km1 (U.S. Geological  Survey, 1973)* I t  averages  
3 .7  m in depth a t  mean low water and w i t h  an average width of  6 km, has a 
width to depth r a t i o  of  1620 to 1. The bottom of the estuary is 
s e n s i t i v e  to s t i r r i n g  by wind- induced waves (Nichols ,  1972) . The James 
River  c on t r ib u tes  about 16% of  the t o t a l  f reshwater  inf low in to  the  
Chesapeake Bay (P r i t c h a r d ,  1952) .  The average f low (based on 37 years of  
record) a t  the f a l l  l in e  a t  Richmond is 201 m’ s e c ' 1, vary ing from 0 .2 8  to 
8382 m3sec' 1 (Fang et  a l .  1973)-  The t i d e  is semidiurnal ,  having two 
ebbing and two f lo od in g  t id es  in a day, and the mean t i d a l  range near the 
mouth of  the James a t  Newport News is 0 .8  m (P r i t c h a rd ,  1967) .
The James River  receives s i g n i f i c a n t  a r t i f i c i a l  enrichment of 
n i t ro gen  and phosphorous above the usual fo r e s t  and a g r i c u l t u r a l  sources.
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Figure 1. The James River  Estuary Study area
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Approximately 2 .7  m etr ic  tons of  phosphorous and 8 .2  m e t r i c  tons of  
ni t ro g en  in var i ous  organic  and inorganic  forms are  d ischarged each day 
in the e f f l u e n t  of  the m e tr o p o l i ta n  Richmond a r e a .  Heavy loading a lso  
occurs from Hopewell i n d u s t r i a l  and domestic sources, increasing  s l i g h t l y  
in the Hampton Roads area (Brehmer, 1972) .
The James River  estuary is r e p r e s e n t a t i v e  of  moderately  s t r a t i f i e d  
e s tu ary .  The s a l i n i t y  increases w i t h  depth,  the s a l i n i t y - d e p t h  curve  
having the general  shape of an inverse tangent fu n c t i o n  (P r i t c h a r d ,
1952) .  Superimposed on the a l t e r n a t i n g  t i d a l  motion the re  is a net  
c i r c u l a t i o n  in which the upper less s a l i n e  la ye r  moves seaward and the  
lower more s a l i n e  laye r  moves up the e s t u a r y .  The dominant mixing agent  
in the estuary  is turbu lence caused by t i d a l  a c t io n  ( P r i t c h a r d ,  1967) -
There a re  considerab le  seasonal v a r i a t i o n s  in s a l i n i t y  which 
diminish in magnitude toward the mouth. In spr ing the high r i v e r  f low is 
r e f l e c t e d  in mTnimal s a l i n i t i e s  throughout  the e s tu ary ,  w h i l e  in summer 
and f a l l  the decreased r i v e r  f low r e s u l t s  in maximum s a l i n i t i e s .  In 
a d d i t i o n  to the increase in s a l i n i t y  in a seaward d i r e c t i o n ,  the re  is a 
l a t e r a l  v a r i a t i o n  w i t h  l o w e r - s a l i n i t y  water  on the r i g h t  s ide of the  
es tu a ry ,  looking downstream. The l o n g i t u d i n a l  s a l i n i t y  g ra d ien t  is  
approximately  uniform with  depth ( P r i t c h a r d ,  19&7) • The James River  
estuary  is t i d a l  fo r  a d is tance  of 170 km from i t s  mouth and the 1 .0  0 /0 0  
i s o h a l in e  is normal ly  located from 55 to  95 km u p r i v e r .  The sur face  
s a l i n i t i e s  a t  the mouth range from 15 to 25 0 /0 0  (Hass, 1977) .
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2-2  Sampling Program and S t ra te g ie s
The study area was v i s i t e d  a t  approximately  one month i n t e r v a l s  from 
July  1986 through August 1987 to observe the occurrence,  the lo c a t io n ,  
and the magnitude of the peak phytoplankton biomass. Phytoplankton  
biomass was determined cont inuously  in sur face water along the ax ia l  
t r an sec t  of the main channel from the Newport News Shipyard to  the 
p o s i t io n  o f f  Hopewell c i t y  on board the R/V Linwood Holton or from the 
approximately  2 0 /0 0  is o ha l in e  to the same p o s i t io n  o f f  Hopewell c i t y  on 
board the R/V ODU-1. Pos i t ions of the peaks were charted as l a t i t u d e  and 
long i tude according to co-ord inates  recorded on a M ic ro log ic  ML-1000 
Loran C Nav igator  on board and buoy numbers in the channels.  S a l i n i t y  
was measured w i t h  a Beckman RS-5 induct ive  sal inometer  when the s a l i n i t y  
was higher  than 2 0/ 0 0 , w h i le  ' M i n i s a l 1 Model 2100 sal inometer  was used 
a t  the s a l i n i t y  less than 2 0 /00  a f t e r  water samples were brought to the 
la b o r a t o r y .  Very low s a l i n i t y  region was de f ined  as the lo c a t io n  where 
the sur face s a l i n i t y  measured less than 0 .5  0 /0 0  w i t h  the "Mini sa l"  
sa l i nom eter .  The peak was posi t ioned by the d is tance  from Newport News 
Shipyard and by the sur face s a l i n i t y  measured. The magnitude of  the peak 
was de f ined  as the concentrat ion  of  chlorophy l l  a a t  the p o s i t io n  of  
maximum _i_n v iv o  f luorescence.
T id a l  s t a t e ,  amount of  r i v e r  d ischarge and n u t r i e n t s  were assumed as 
possib le  f ac to rs  which may a f f e c t  the occurrence,  the p o s i t i o n ,  and the  
magnitude of the peak phytoplankton biomass.
Monthly sampling was done a t  spr ing and neap t i d e  in an a l t e r n a t i n g
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pa t te rn  from October 1986 through February 1987. which included both 
per iods when the peak biomass occurred and disappeared.  During each 
c r u is e ,  sampling began a t  the Newport News Shipyard or the approximately  
2 0 /0 0  is o h a l in e  a t  the t ime of  ebbing t i d e  and proceeded upstream to the  
s ta t i o n  o f f  Hopewell c i t y ,  and turned back a t  the time of  f lo od ing  t i d e  
and proceeded downstream to the about 2 0 /0 0  is o h a l i n e .  Three anchor 
s ta t i o n s  in t o t a l  were occupied over the du ra t io n  of the study,  one in 
October 1986 a t  the p o s i t io n  where biomass showed rapid  increase,  one in 
August 1987 in the v i c i n i t y  of  the peak biomass, and one in December 1986 
when the peak biomass did  not occur .  The e f f e c t  of  the t i d a l  s t a t e  on 
the occurrence,  the lo c a t io n ,  and the magnitude of the peak biomass was 
stud ied.
River  d ischarge data  were provided from the V i r g i n i a  S ta te  Water 
Control Board, being c o l le c t e d  a t  s t a t i o n  02037500 (3703 3 1 *̂7" N,
77°32 '50"  W) in James River  near Richmond. R iver  d ischarge inf luences  
the amount o f  d issolved  and p a r t i c u l a t e  n u t r i e n t s  supplied from the  
upstream watershed, the turbulence level  and s t a t e  of s t r a t i f i c a t i o n  of  
the water column, l i g h t  p en e t r a t io n  by v i r t u e  of  the amount suspended 
sediment suppl ied,  and the residence t ime of agal c e l l s .  The e f f e c t  of  
r i v e r  f low on the occurrence,  the l o c a t i o n ,  and the magnitude of  the peak 
biomas was s tu d ied.
Samples fo r  n u t r i e n t  analyses (dissolved s i l i c a t e ,  phosphate and 
n i t r a t e )  were taken from the sur fa ce  water  along the estuary a x i s .  The 
con cen trat ion  of  each n u t r i e n t  was p l o t t e d  aga ins t  surface s a l i n i t y  
measured and the d is tance  from the Newport News Shipyard. The 
d i s t r i b u t i o n  p a t te r n  of each n u t r i e n t  dur ing the per iods th a t  peak 
biomass occurred was compared q u a l i t a t i v e l y  w i t h  the p a t te r n  dur ing the
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per iods tha t  peak biomass d id  not occur to in v e s t i g a t e  the importance of  
n u t r i e n t s  a v a i l a b l e  and lo c a t io n  of  n u t r i e n t  inputs in causing the  
observed peak biomass.
Processes hypothesized f o r  causing the observed peak biomass were 
the hydrodynamic t rap p in g ,  the same mechanism involved in the format ion  
of  the t u r b i d i t y  maximum in a p a r t i a l l y - m i x e d  e s tu ary .  I t  was a lso  
hypothesized tha t  diatoms are  s e l e c t i v e l y  t rapped in the t u r b i d i t y  
maximum zone because t h e i r  r e l a t i v e l y  high s inking  r a te s  c lo s e ly  balance  
the net  upward v e r t i c a l  water  v e l o c i t y .
Evidences f o r  the t rap p ing  mechanism and s e l e c t i v e  t rapping of  
diatoms were presented.  F i r s t ,  s in king  ra te s  of  a d iatom,  Melosi ra sp , 
which was one of the dominant species in the peak biomass zone, were 
compared w i t h  the net  upward v e r t i c a l  water v e l o c i t y  in the t u r b i d i t y  
maximum zone. Second, diatom biomass in the peak zone was in v es t i ga ted  
by the percentage netplankton biomass, removal of  d isso lved  s i l i c a t e ,  the 
r a t i o  of p a r t i c u l a t e  b iogenic  s i l i c a  to p a r t i c u l a t e  organ ic  carbon, and 
the r a t i o  of  p a r t i c u l a t e  organic  carbon to c h lorophy l l  a .  The diatom  
abundance in the peak zone was compared wi th  the diatom biomass in the 2 
o/oo is o ha l in e  reg io n .  T h i r d ,  the peak biomass zone was matched w i t h  the  
t u r b i d i t y  maximum zone by comparing the ranges of  s a l i n i t y  and the zones 
occupying the peak biomass and the t u r b i d i t y  maximum, r e s p e c t i v e l y .  The 
magnitude of  the t u r b i d i t y  was measured in t h r ee  d i f f e r e n t  ways: the
concen t ra t ion  of  t o t a l  suspended m a t te r ,  the r e l a t i v e  percentage  
t ransmission of a l i g h t  beam in surface  and one meter above the bottom 
water by using a Hydro Products '  Model 6 12-S Transmissometer , and the  
l i g h t  e x t i n c t i o n  c o e f f i c i e n t  c a lc u la te d  by l i g h t  a t t e n u a t i o n  w i t h  depth.  
Photosynthet ic  l i g h t  i n t e n s i t i e s  in the water column were measured a t
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
2 0
h a l f  meter i n t e r v a l s  w i t h  a LI — 185 Quantom/Radiometer/Photometer and the 
e x t i n c t i o n  c o e f f i c i e n t  was determined by the equat ion:
kOn'1) = (Log11 -  L o g l2) / ( D 2 -  D1)
where
k *  l i g h t  e x t i n c t i o n  c o e f f i c i e n t ,
I 1, I 2 = i r r a d i a n c e  at  depth 1 and 2 in meters,
D S D 2 = depths of  two measurements.
Phytoplankton in the shoal may grow d i f f e r e n t l y  from the channel and 
the residence  t ime o f  phytoplankton in the shoals may be longer than 
channel ,  a l lo w in g  phytoplankton to accumulate.  The peak biomass may 
occur as a r e s u l t  of  l a t e r a l  d is pe rs io n  from pro duct ive  shoals to the  
main channel .  The p o s s i b i l i t y  of  t r a n s p o r t  from l a t e r a l  shoals was 
i n v e s t i g a te d  by comparing the biomass between the channel and shoals .
Surface water  samples were c o l l e c t e d  from the o u t f lo w  of Turner  
Designs Model 10 f luorom eter  f o r  n u t r i e n t  ana lyses,  measurements of  
e x t ra c te d  ch lo r op h y l l  a,  s i z e  f r a c t i o n a t i o n  of  phytoplankton biomass, and 
measuring the concent rat ions of p a r t i c u l a t e  b iogenic  s i l i c a ,  t o t a l  
suspended matt er  and p a r t i c u l a t e  organic  m a t te r .  Bottom water  samples 
were c o l l e c t e d  one meter above the bottom w i th  8 l i t t e r  General Oceanic 
Go Flo b o t t l e .  Temperature and s a l i n i t y  p r o f i l e s  a t  each s t a t i o n  were 
determined a t  one meter i n t e r v a l s  throughout  the water  column using a 
Beckman RS-5 In duct ive  Sal inometer .
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2 .3  F ie ld  Methods 
Phytoplankton Biomass
Chlorophyll  a con cen trat ions  were determined by a continuous v ivo  
f luorescence  method (Lorenzen, 1966) w i t h  a Turner Designs Model 10-000R 
Fluorometer equipped w i t h  a Turner FAT5/b i n f r a r e d  s e n s i t i v e  
p h o t o m u l t i p l i e r ,  a Turner 10-01*5 b lue lamp, a CS2-61* emmision f i l t e r  and 
a CS5-60 e x c i t a t i o n  f i l t e r ,  c a l i b r a t e d  by chlorophy l l  a concentrat ions  
determined f 1u o r o m e t r i c a l 1y on 90% aceton e x t r a c t i o n s  of  c e l l s  re ta in ed  
on a Gelman type A-E glass f i b e r  f i l t e r  (Yentsch and Menzel , 1963; Holm- 
Hansen e t  a l . ,  1965; S t r i c k l a n d  and Parsons, 1972) .  R e l a t i v e  in v ivo  
f luorescence  was read a t  every 5 ~ 10 km i n t e r v a l s  from the chart  paper 
and i t  was converted to c h l orophy l l  a concen t ra t ion  by m u l t i p l y i n g  the  
c a l i b r a t i o n  f a c t o r  (ch lorophyl l  a / r e l a t i v e  f lu o r e s c e n c e ) .
Extracted  c h lorophy l l  a measurements were made on an 
" u n f ra c t io n a ted "  (whole sample) and a second "nanoplankton", def ined as 
the f r a c t i o n  passing through a 28 urn mesh N i tex  net  d isc (Ma lone, 1971) .  
Netplankton ch lorophy l l  a was considered to be the d i f f e r e n c e  between the  
average of r e p l i c a t e  t o t a l  ch lor ophy l l  a and the average of r e p l i c a t e  
nanoplankton ch lor ophy l l  a.
The sample f i l t e r s ,  which had been stored f ro z en ,  were ground wi th  a 
d r i l l  equipped wi th  a s er ra ted  p e s t le  type t is s u e  homogenizer fo r  one 
minute in 2-3  ml of  90% aceton.  The suspension was subsequently  
t r a n s fe r r e d  to  a c e n t r i f u g e  tube and the volume taken to  10 ml w i t h  90% 
aceton. The suspension was then c e n t r i f ug e d  f o r  5 minutes a t  A000 rpm
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and the supernatant  decanted into  a 1 cm ins ide  diameter c u v e t te .
Fluorescence before  and 30 seconds a f t e r  a c i d i f i c a t i o n  (wi th two 
drops of 5% V/V HC1) was measured w i t h  the same f lu o ro m ete r .  Chlorophyl l
a and phaeopigment concent rat ions were c a l c u l a t e d  using the f o l lo w in g
equations (S t r ic k la n d  and Parsons, 1972):
ug Chlorophyl l  a l i t e r * 1 = F d - T / ( T - 1)• (Rb-Ra) /vol .  f i 1tered  
ug Phaeopigments l i t e r * 1 = F d - T / ( T —1 ) • (TRa-Rb)/vol f i l t e r e d
where
Rb = Fluorescence before  a c i d i f i c a t i o n ,
Ra = Fluorescence a f t e r  a c i d i f i c a t i o n ,
T = Rat io  of Rb/Ra fo r  a phaeopigments f r e e  e x t r a c t  of  ch lor ophy l l  a,
Fd = Appropr iate  c a l i b r a t i o n  f a c t o r . .
Fd was determined by the equation:
Fd = Cd /  Rd
where
Cd = Concentrat ion D determined s pe c t ro p h o to m e t r ic a l ly ,
Rd *  Fluorometer response fo r  D.
N u t r i e n t  Analyses
Samples f o r  n u t r i e n t  analyses were taken from the surface a t  5 to U  
s ta t i o n s  from July  1986 through February 19 8 7 • Samples from 1 m above 
the bottom were c o l le c t e d  a t  5 s ta t i o n s  each in July  1986 and February 
1987. The water was f i l t e r e d  on board through Gelman Type A-E glass  
f i b e r  f i l t e r s ,  s tored in polyethylene b o t t l e s  and f rozen  u n t i l  the
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analyses were performed.
Al l  n u t r i e n t  concent rat ions were determined c o l o r i m e t r i c a l l y  by the  
methods of  S t r i c k l a n d  and Parsons (1972) which were modi f ied  f o r  the 
Rapid Flow Analyzer (ALPKEM Corporat ion ,  1986) . With minor  
m o d i f i c a t i o n s ,  the method fo r  phosphate dete rm in at io n  is based on Murphy 
and R i le y  (1962) ,  the method f o r  n i t r a t e  d e te rm in a t io n  on Wood e t  a l .  
(1967) ,  and the method fo r  s i l i c a t e  d e te rm in a t io n  on Mull in and R i l ey  
(1955) •
Phosphate in the sample re ac ts  w i t h  an a c i d i f i e d  molybdate reagent  
to y i e l d  the phophomolybdate complex, which is then reduced to the  
in te n s e ly -c o lo re d  molybdenum blue complex by the ascorbic  a c id .  The 
l i g h t  absorbance of  the complex a t  885 nm is p ro port iona l  to  the o r i g i n a l  
phosphate concent ra t io n .
N i t r a t e  is reduced to n i t r i t e  by the cadmium when the samples are  
passed through columns conta in in g  copper-coated cadmium. The reduced 
n i t r i t e  and o r i g i n a l  n i t r i t e  in the samples a re  determined by the  
format ion of  a reddish azo dye, produced by coupl ing d i a z o t i z e d  
s u l fa n i la m id e  in an a c i d i c  s o l u t io n  w i t h  N - (1-Naphthy1 ) -E thy lened iamine .  
The l i g h t  absorbance of  the azo dye a t  5^3 nm is p ro p o rt ion a l  to the 
n i t r i t e  con cen t ra t io n .  The n i t r a t e  concen t ra t io n  reported in t h i s  
d i s s e r t a t i o n  represents the n i t r a t e  plus n i t r i t e  concent ra t io ns .
Dissolved s i l i c a t e  in the sample re ac ts  w i th  a s o l u t io n  conta in in g  
molybdate to form si 1 icomolybdic a c id .  A reducing s o l u t io n  is then 
int roduced which conta ins m e t o l - s u l f i t e .  This  reduces the si  1icomolybdic  
acid to molybdenum blue complex, whose co lor  i n t e n s i t y  (810 nm 
absorbance) is proport iona l  to the o r i g i n a l  s i l i c a t e  con cen t ra t io n .
Oxal ic  acid added e l im in a te s  any reduced phospho-molybdate in t e r f e r e n c e s .
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The d e t e c t i o n  l i m i t s  which were c a l c u l a t e d  by three t imes the  
standard d e v i a t i o n  of  b lanks were + 0 .05  umole/L fo r  n i t r a t e  and 
phosphate and +  1 .0  umole/L f o r  s i l i c a t e  methods.
Tota l  Suspended Mat ter
For the d e te rm in a t io n  of t o t a l  suspended m a t te r ,  100 to  200 mis of  
water  samples were f i l t e r e d  through pre-weighed 1+7 mm nuclepore f i l t e r s  
w it h  0 . 4  urn p o r e - s i z e .  The sample f i l t e r s ,  which had been stored f ro zen ,  
were d r ie d  f o r  approx imate ly  2 days a t  40°C. A f t e r  d ry in g ,  the  
d i f f e r e n c e  between the f i l t e r  weights  bef o re  and a f t e r  f i l t e r i n g  the  
water  samples was c a l c u l a t e d .  To ta l  suspended matt er  was determined by 
d i v i d i n g  the we ight  d i f f e r e n c e  by the water  volumes f i l t e r e d .
P a r t i c u l a t e  Biogenic  S i l i c a
P a r t i c u l a t e  b iogen ic  s i l i c a  anaylses were performed using the sodium 
carbonate d i g e s t i o n  procedure descr ibed by DeMaster (1979)•  Water 
samples (100 to 200 mis) were f i l t e r e d  through 47 mm nuclepore f i l t e r s  
w ith  0 .4  urn p o r e - s i z e .  The sample f i l t e r s ,  which had been stored f ro zen ,  
were d r ie d  f o r  approximate ly  2 days a t  40°C. A f t e r  d ry in g ,  the f i l t e r s  
were put in a 50-ml p l a s t i c  c e n t r i f u g e  tubes and 1.0 ml of  30% hydrogen 
peroxide s o l u t i o n  was added to each sample. The tubes were heated in a 
water  bath a t  85°C f o r  4 hours and then 25 ml of  0 . 5  Mole sodium 
carbonate s o l u t i o n  was added. The m a te r ia l  on the f i l t e r  was digested  
fo r  1 hour in the water  bath a t  85°C. A f t e r  c o o l i n g ,  the d i g e s t a t e  was 
c en t r i fu g e d  a t  7000 rpm fo r  30 minutes.
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The suspension was decanted in to  a c lean p l a s t i c  graduated c y l i n d e r  
and d i l u t e d  to 50 ml.  The samples were analyzed using the c o l o r i m e t r i c  
procedure fo r  d isso lved  s i l i c a t e  d e te rm in a t io n  as descr ibed above.
Instead of  the Rapid Flow Analyzer used f o r  n u t r i e n t  d e te rm in a t io n ,  
spectrophotometer was used for  p a r t i c u l a t e  b iogenic  s i l i c a  d e te rm in a t io n .
P a r t i c u l a t e  Organic Carbon and Ni t rogen
P a r t i c u l a t e  organic  carbon (POC) and n i t ro gen  (PON) were measured 
wit h  a Car lo  Erba ANA 1500 NCS Analyser .  Water samples (25 to 50 mis) 
were f i l t e r e d  through pre-combusted 25 mm Gelman type A-E glass f i b e r  
f i l t e r s .  The sample f i l t e r s ,  which had been stored f ro z en ,  were dr ied  
fo r  approximately  5 days a t  t»0°C. A f t e r  d ry in g ,  the f i l t e r s  were run 
d i r e c t l y  in the analyser  w i t h  the c a t a l y s t .
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CHAPTER 3 
RESULTS OF FIELD STUDY 
3-1 Hydrographic Data
Data f o r  r i v e r  d ischarge,  obta ined from the V i r g i n i a  S t a te  Water  
Control  Board (obtained in f t ’ s e c ' 1 and converted to mJs e c * 1) ,  were 
c o l l e c t e d  a t  s ta t i o n  02037500 a t  mi le  po in t  116.6 in the James R iv e r .  
R iver  d ischarge v a r ie d ,  over the dura t io n  of  the study,  from a low of  
22 .5  m^sec'1 on 11 October 1986 to a high of  1*190.9 m3s e c ' 1 on 18 Apr i l  
1987. The mean monthly d ischarge for  July  through November 1986 was 
r e l a t i v e l y  low compared to several  previous years (F ig .  2 ) .  The 
discharge in July  was 34.4  m^sec"1 , the lowest in past seven years,  and 
then increased s l i g h t l y  to 70 .4  m3sec_1 in November. R iver  d ischarge  
from December 1986 through March 1987 was r e p r e s e n t a t iv e  of  normal 
annual hydrography, ranging from 124.1 m5s e c ' 1 to 407-3  m3sec_1. The 
mean monthly d ischarge in A p r i l  1987 was a very  high 1017.8 m3sec‘ l , and 
then i t  decl ined  to r e l a t i v e l y  constant  lower f lows u n t i l  August 1987 
when the mean monthly d ischarge was 28 .3  mJsec_1 .
The sur face s a l i n i t y  measured a t  the p o s i t io n  o f f  Newport News 
Shipyard(NNS) was dependent on f reshwater  in put ,  i t  ranged from 15 .3  
0 /0 0  to 25 .0  0 /0 0  except fo r  on 21 Apr i l  1987 when the sur fa ce  s a l i n i t y  
was a very  low of 2 .30  0 /0 0  as a r e s u l t  of  abnormally high r i v e r  
discharge (Appendix A) .  V e r t i c a l  p r o f i l e s  of  s a l i n i t y  a t  NNS show an 
o s c i l l a t i o n  between homogeneity and s t r a t i f i c a t i o n  phenomena. The 
g r e a t e s t  d i f f e r e n c e  in s a l i n i t y  between the surface and 1 meter above the
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Figure 2.  Mean monthly r i v e r  d ischarge of  the James River  near Richmond 
dur ing January 1981 through August 19 87•
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bottom was observed on 27 Februrary 1987. showing approximately  a 2 o /oo  
d i f f e r e n c e .  An homogeneous s i t u a t i o n  was observed in Ju ly  and August 
1987- During the course of  the study,  exept ing  Apr i l  1987, the lo ca t io n  
of  the 1 0 /0 0  is o h a l in e  extended over a d is ta nce  of  approx imate ly  kS  km 
from Hog Po in t  to j u s t  west  of  Windmi l l  Po int  (Appendix A) .  The lo c a t io n  
is comparable to the kS  km range fo r  very  low s a l i n i t y  regions designated  
by F i l a r d o  and Dunstan (1985 ) -  The water  column in the very  low s a l i n i t y  
region was considered to  be v e r t i c a l l y  homogeneous w i t h  respect  to 
s a l i n i t y  vary ing  less than 0 .1 0  0 /0 0  in a l l  cases.  The depth w i t h i n  t h i s  
region ranged, over the course of  the study,  from 5 to 13 meters and was 
most o f t e n  between 5 to 7 meters ( the except ion being A p r i l  1987)*
Water temperature v a r i e d  in response to seasonal c l i m a t e .  Mean 
sur face  temperature measured along the axis  of  the main channel ranged 
from k . ] 8 ° Z  in February 1987 to 29-57 °^  in July  1987 (Appendix A) .
Bottom temperature  never v a r ie d  from surface  values by more than 10C.
The temperature  measured in the months of  December 1986 through February  
1987 was less than 10°C.
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3-2  Turb id i  ty
T u r b i d i t y  was measured in thr ee  d i f f e r e n t  ways: (1) r e l a t i v e  
percentage t ransmission of  a l i g h t  beam measured every meter to w i t h i n  1 
meter above the bottom wi th  a transmissometer (5 s ta t i o n s  in February,  4 
in June, 9 in July  and 8 in August 1987) ; (2) the l i g h t  e x t i n c t i o n  
c o e f f i c i e n t  in the water column a t  the same s ta t i o n s  mentioned above 
using a photometer; and, (3) the t o t a l  suspended matter  from samples 
taken from the surface to  w i t h i n  1 meter above the bottom at  5 s ta t i o n s  
in February and only from the surface a t  6 s ta t i o n s  in July  and 5 
s ta t i o n s  in August 1987- The r e s u l t s  are  l i s t e d  in Appendix B. Though 
the t u r b i d i t y  is known to  vary  over t i d a l  cycles in r e l a t i o n  to cur rent  
speed, and to  be most pronounced near the bottom (Nichols ,  1972) ,  the  
measurement was not synopt ic  wi th  respect  to the t ime of  the day or the 
t i d a l  s tage.
The values of  the r e l a t i v e  percent t ransmission fo r  surface and 
bottom waters  are  l i s t e d  wi th  s a l i n i t y  and lo c a t io n  in Appendix B. The 
values from the surface of NNS were 35% in February,  42% in July  and 47% 
in August, showing an increase wi th  decreasing r i v e r  f lo w .  The 
corresponding values measured from 1 m above the bottom were 32%, 31%, 
and 47%, r e s p e c t i v e l y .  The transmissions a t  the p o s i t io n  o f f  Hopewell 
c i t y  remained r e l a t i v e l y  low and were independent of  r i v e r  f low.  The 
values fo r  the surface water were 12% in February,  21% in June, 10% in 
July  and 9% in August. The corresponding values measured from 1 m above 
the bottom were 12%, 13%, 11% and 4%, r e s p e c t i v e l y .  R e l a t i v e l y  low
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values of  the t ransmission along the es tuary  ax is  occurred each month in
the upper p o r t i o n ,  where the s a l i n i t y  ranged from 0 .5 0  0 /0 0  to 7*68 0 / 0 0 .
The range is comparable to th a t  of  0 . 5  -  2 .0  0/ 0 0 , the landward l i m i t  of
the James R iver  t u r b i d i t y  maximum repor ted  by F e u i l l e t  and F le is c h er
(19 80 ) .  The values measured from 1 m above the bottom w i t h i n  t h i s  
p o r t i o n  were much lower than those measured from the surface  wa te r .
Whi le  the values from the sur fa ce  ranged from 5*3% to 28%, the values  
from 1 m above the bottom ranged from 1 . 0% to 11. 0%.
Figure 3 shows r e l a t i v e  percentage t ransmission measured from the  
sur fa ce  in February through August 198 7 - The highest  t u r b i d i t y  ( the  
lowest t ransmission) occurred in February when r i v e r  f low was h ig h es t .
As r i v e r  d ischarge decreases, the t u r b i d i t y  maximum zone moves landward 
and the magnitude of the t u r b i d i t y  decreases.  Nichols  (1972) a lso  
in d ic a ted  t h a t  the t u r b i d i t y  maximum in the James River  e s tuary  p e r s is ts  
most of  the year ,  being most pronounced in the spr ing when r i v e r  f low is 
high and weak in the f a l l  when f low is low.
Light  e x t i n c t i o n  c o e f f i c i e n t  ranged from 1 .1 9 at  NNS on 12 August 
1987 to 7-42 in the O.78 0 /00  i s o h a l in e  on 27 February 1987 (Appendix B ) . 
The c o e f f i c i e n t  was in v ers e ly  p ro p o r t i on a l  to the r e l a t i v e  percentage  
t ransmission measured by t ransmissometer (n = 2 2 , r = -0 .8 544 )  as shown 
in F igure 4.  R e l a t i v e l y  higher values  occurred each month in the upper 
p o r t i o n  of the es tuary ,  and the values decreased w i t h  decreasing r i v e r  
d ischarge .  The compensation depth a t  which the photosynthesis  of  a c e l l  
is equal to i t s  r e s p i r a t i o n  was def in ed  by the depth of  1% surface  
i r r a d i a n c e .  The compensation depth a t  NNS was 2 .5  meters in February and 
increased s t e a d i l y  to 3 .9  meters in August.  At Hopewell c i t y ,  the 
compensation depth v a r ie d  from 1.2 to 2 .0  meters .  The compensation depth
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Figure 3- The r e l a t i v e  percentage t ransmission measured from the surface  
water a long the estuary  axis  in February through August 19 8 7 -
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F i g u r e  4 .  T h e  r e l a t i o n s h i p  b e t w e e n  t h e  r e l a t i v e  p e r c e n t a g e  t r a n s m i s s i o n
a n d  t h e  l i g h t  e x t i n c t i o n  c o e f f i c i e n t .
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in the upper p o r t i o n  of  the estuary ( the t u r b i d i t y  maximum zone) was 
shal lowest  in February ( less than 0 . 8  meter)  and deepest  in August 
(approximately  2 m e t e r ) .
Tota l  suspended matte r  ranged from 14.1 mg/L a t  NNS on 15 July  1987 
to  7 4 .9  mg/L in the O.78 0/00  i s o h a l in e  on 27 February 1987 (Appendix B ) . 
The concen t ra t io n  was r e l a t i v e l y  high in F e b r u a r y  but low in July  and 
August. Though the t ransmission is known to  vary  w i th  the p a r t i c l e  s iz e  
and shape (Baker and L a v e l l e ,  1984) ,  the r e l a t i v e  percentage t ransmission  
in t h i s  study was an in v ers e ly  l i n e a r  f u n c t i o n  of  the t o t a l  suspended 
m a t t e r .  The s lope was - 0 . 4 8 2  in February (n = 5> r = - 0 . 7 5 5 ^ ) .  and i t  
decreased to - 1 . 0 6 6  in July  (n = 6 , r = - O . 9085) and - 1 . 4 4 9  in August (n 
= 5» r = - 0 . 8 5 8 4 ) .  However, the two slopes between February and August 
were not s i g n i f i c a n t l y  d i f f e r e n t  ( t  = 2 .4 4 7 ,  0 . 1 0  < P < 0 . 2 0 ) .  The 
combined r e l a t i o n s h i p  between the r e l a t i v e  percentage t ransmission and 
the t o t a l  suspended matte r  fo r  th r ee  months is drawn in F igure 5 .  the 
slope being - 0 .70 6  (n *  16, r *  - 0 . 8118) .
In summary, as r i v e r  d ischarge increased,  the t u r b i d i t y  maximum zone 
moved in the seaward d i r e c t i o n  and the magnitude of  the t u r b i d i t y  
i ncreased.
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F i g u r e  5 * T h e  r e l a t i o n s h i p  b e t w e e n  t h e  r e l a t i v e  p e r c e n t a g e  t r a n s m i s s i o n
a n d  t h e  t o t a l  s u s p e n d e d  m a t t e r .
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3-3  Phytoplankton Biomass
The s p a t i a l  d i s t r i b u t i o n  of  c h l orophy l l  a versus d is tance  from a 
f i x e d  s t a t i o n  located o f f  Newport News Shipyard (NNS) f o r  the surface  
waters are  depicted g r a p h i c a l l y  wi th  s a l i n i t y  in Appendix C. These data  
which were c o l l e c t e d  a t  approximately one month i n t e r v a l s  represent  the  
d i s t r i b u t i o n  of c h l orophy l l  a along the main channel of  the r i v e r  from 
NNS or approximately  the 2 o /oo is o h a l in e  to the p o s i t io n  o f f  Hopewell  
c i t y ,  located about 110 km upstream from NNS.
From July  through December 1986 , surface phytoplankton ch lorophy l l  a 
ranged from 1.1*8 ug/L on 20 December to  87.1*9 ug/L on 25 J u l y .  July  
through November have ch lor ophy l l  a peaks in the very  low s a l i n i t y  
re g io n .  In July  c h l orophy l l  a was r e l a t i v e l y  low and constant  from NNS 
to the 1.70 0 /0 0  is o h a l in e  (6 9 .0 km upstream).  The concen t ra t ion  
increased r a p i d l y  from the >.70 0 /0 0  is o ha l in e  and peaked in the 0 .12  
0 /0 0  is o ha l in e  (102.5  km upstream) as 87.1*9 ug/L .  I t  decreased sharply  
in the f reshwater  zone. A s i m i l a r  p a t t e r n  of  chl orophy l l  a d i s t r i b u t i o n  
occurred in October.  The concent ra t io n  was low and constant  in mid and 
down estuary and increased r a p i d l y  from the 1.52 0 /0 0  is o h a l in e  (76 .8  km 
upstream).  I t  peaked in the 0 .1 7  0 /0 0  is o ha l in e  (100.6 km upstream) as 
78.61 ug/L ,  and then decreased sha rp ly .  A s i m i l a r  peak a ls o  occurred in 
November. Chlorophyl l  a increased r a p i d l y  from the 1.5A 0 /0 0  isoha l in e  
(6 7 .5  km upstream) to  the 0 .1 8  0 /0 0  is o ha l in e  (89.1 km upstream) where 
the chlorophyl l  a con cent ra t io n  was 1*0.65 ug/L .  I t  decreased r a p i d l y  in 
the f reshwater  zone. At the p o s i t io n  o f f  Hopewell c i t y ,  the ch lorophy l l
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a in November was a low of  6 .92  ug/L,  w h i l e  i t  was 70 .48  ug/1 in J u l y .
The peak disappeared in December, ch lo r op h y l l  a ranging from 1.48 ug/L to 
5-2 3  ug /L.
A composite p l o t  of  c h l o r o p h y l l  a (July  through December 1986) is  
shown in F ig ure  6.  From Ju ly  to  November 1986, maximum c h l or op h y l l  a 
decreased from 87.1*9 ug/L to 4 0 .6 5  ug/L and the lo c a t io n  o f  the peak 
moved 13.4  km downstream. The w id th  of the peak zone a ls o  decreasd,  
being approx imate ly  62 km in J u l y ,  48 km in October and 44 km in 
November. The peak d id  not occur in December and c h l o r op h y l l  a was low 
in the e n t i r e  estuary  in c lu d in g  the f reshwater  zone.
By A p r i l  1987. c h l o r op h y l l  a in the very  low s a l i n i t y  region and in 
the f reshw ate r  zone d id  not develop,  ranging from 1.50 ug/L on 21 January  
to  11.69 ug/L on 21 A p r i l  (Appendix C ) . In February the re  was a 
phytoplankton bloom a t  the  NNS w i t h  49-79 ug/L c h l o r op h y l l  a .  The bloom 
disappeared by A p r i l  and c h l o r op h y l l  a a t  the NNS remained r e l a t i v e l y  low 
through the f i n a l  sampling in August 19 8 7 . High phytoplankton biomass 
(61 .35 ug/L of  c h l o r op h y l l  a) in the very  low s a l i n i t y  reg ion  occurred in 
June. The high biomass remained r e l a t i v e l y  constant  in the f reshwater  
zone compared to  the biomass decrease in t h i s  zone dur ing the summer and 
autumn of  19 8 6 . The co n c en t ra t io n  of c h l o r o p h y l l  a in the very  low 
s a l i n i t y  region increased to 97*69 ug/L in July  and 114.21 ug/L in 
August.  There was a ra p id  decrease in the c oncent ra t io n  of  c h lorophy l l  a 
in the  f reshw ate r  zone dur ing  August.  The phytoplankton biomass in the  
summer of 1987 was higher  than the  biomass in the summer of  1986.
Maximum c oncent ra t io n  of c h l o r op h y l l  a in the peak region and i t s  
p o s i t i o n  by the d is ta nce  from NNS, measyrements of  sur face  s a l i n i t y  are  
summarized in Table  1. The peak biomass occurred between 8 9 .1 and 102.5
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Figure 6 . Phytoplankton biomass from the sur face water  along the estuary  
axis  in July  through December 1986.
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Table  1. Maximum sur face phytoplankton biomass in the peak region and 
i t s  p o s i t i o n  by the d is tance  from Newport News Shipyard and surface  
s a l i n i t y  measured (D = d is tance  from NNS and S = s a l i n i t y ) .
Month D (km) S (0/ 00) Ch lorophyl l  a (ug/L)
July  1986 102. 1* 0 .12 87.49
October 1986 100.6 0 .17 78.61
November 1986 8 9 . I 0 .16 40.65
June 1987 99-0 0 61.35
Ju ly  1987 9 8 .8 0 .06 97-69
August 1987 101. 1* 0.11 114.21
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km from NNS. The s a l i n i t y  a t  which peak biomass occurred is almost the  
same in each month, ranging from 0 to  0 .1 7  o /oo is o h a l i n e .  This  suggests 
t h a t  the lo c a t io n  o f  the peak biomass is dependent on the amount of  r i v e r  
d i scharge.
Figure 7 shows t h a t  surface  phytoplankton ch lo r op h y l l  a is inv ersely  
r e l a t e d  to  the r i v e r  d ischarge and high phytoplankton biomass in the very  
low s a l i n i t y  region occurs only  when mean monthly d ischarge is less than 
112 m^sec'1 . When the discharge  was less than 112 m3s e c * 1, maximum 
ch lor op h y l l  a c oncent ra t io n  was p l o t t e d  aga in s t  mean monthly r i v e r  
discharge ( F i g .  8 ) .  Both in 1986 and 19 8 7 » the biomass decreased w i t h  
in creas ing  r i v e r  d isch arg e.  The s lope was - 1 . 2 1 7 3  (n = 3> r = -0 .9912)  
and - 0 . 6 3 9 5  (n = 3» r = - 0 .9 99 9 )  1986 and 1987. r e s p e c t i v e l y .  The two
slopes a re  s i g n i f i c a n t l y  d i f f e r e n t  ( t  *  l t .567,  0 .0 2  < P < 0 .05)  . 
Phytoplankton biomass was higher in 1987 than in 19 86 . E x c e l le n t  
l i n e a r i t y  in each year and s i g n i f i c a n t  d i f f e r e n t  slope between two years 
suggest t h a t  r i v e r  d ischarge p lays an important  r o l e  in determining the 
biomass in the very  low s a l i n i t y  region in a yea r ,  but the biomass in 
each year is determined by o th er  f a c t o r s  in a d d i t i o n  to  the amount of 
r i v e r  d is charg e .  When r i v e r  d ischarge was more than 112 m’ s e c * 1, the 
phytoplankton biomass peak disappeared in the very  low s a l i n i t y  region  
(F ig .  7 ) .
When r i v e r  d ischarge increased,  surface  phytoplankton biomass in the 
very  low s a l i n i t y  region decreased (F i g .  8) ,  but  the magnitude of  the  
t u r b i d i t y  maximum increased (F ig .  3 ) *  T h e r e f o r e ,  sur face biomass is  
in v e rs e ly  r e l a t e d  to  the magnitude of  the t u r b i d i t y  maximum. F igure 9 
shows the l i n e a r  r e l a t i o n s h i p  between surface  phytoplankton ch lorophy l l  a 
in the very  low s a l i n i t y  region and the r e l a t i v e  percentage t ransmission
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Figure 7> The r e l a t i o n s h i p  between maximum phytoplankton biomass i 
very low s a l i n i t y  region and mean monthly r i v e r  d isch arge.
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Figure 8 .  The p l o t t i n g  of  maximum phytoplankton biomass in the very  low 
s a l i n i t y  region aga in s t  mean monthly r i v e r  d ischarge in 1986 and 1987 
when peak biomass occurred.
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Figure 9- The r e l a t i o n s h i p  between maximum phytoplankton biomass in the  
very low s a l i n i t y  region and r e l a t i v e  percentage t ransmission in the  
t u r b i d i t y  maximum zone.
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in the t u r b i d i t y  maximum zone. As the t ransmission increased (as the 
t u r b i d i t y  decreased) ,  phytoplankton biomass increased.
Netplankton c h lo r op h y l l  a c o l l e c t e d  fo r  July  1986 through August 
1987, comprised 0 to 73% o f the biomass in the very  low sal i n i t y . r e g i o n  
and accounted fo r  0 to 25% of  the biomass in 2 0 /0 0  water  (F ig .  10) .  
During the t ime of  the year when the phytoplankton biomass peak occurred  
(summer and autumn), the percent  netp lankton c h lorophy l l  a in the very  
low s a l i n i t y  region averaged 35%. which is s i g n i f i c a n t l y  h igher than the 
percent  a t  the 2 0 /0 0  i s o h a l in e  ( t  = 2 . 8 1 ,  0 .005  < P < 0 . 0 1 ) .  However, 
dur ing w in te r  and spr ing when the peak did  not occur,  the percent  
netplankton ch lor ophy l l  a in the very  low s a l i n i t y  region decreased to 7% 
average,  which is not s i g n i f i c a n t l y  d i f f e r e n t  from the value a t  the 2 
0 /0 0  is o h a l i n e .  When the spr ing phytoplankton bloom occurred in February  
1987 a t  NNS, the percent  netp lank ton  was. 80$ of the t o t a l  biomass. In 
June 1987. the percent  netp lank ton  biomass was 73% a t  the f i r s t  
appearance of  high phytoplankton biomass in the very  low s a l i n i t y  reg ion.
Surface phytoplankton ch lo r op h y l l  a data  over the t i d a l  cyc le  were 
c o l l e c t e d  in three anchor s ta t i o n s  over the dura t io n  o f  the study and the  
re s u l t s  of  the biomass f l u c t u a t i o n  w i t h  t ime of day are  presented in 
Table  2. The sur face s a l i n i t y  in October 1986, which was measured a t  
Dancing Po in t  (approximately 61 km upstream from NNS), ranged from 3.86  
to 5*60 0 /0 0  and the s a l i n i t y  measured a t  1 meter above the bottom ranged 
from A . 10 to 6 . Ok 0/ 0 0 . Surface phytoplankton ch lo r op h y l l  a ranged from 
9.67 to 23*^9 ug/L.  Two peaks were observed during the ebbing t i d e .  The 
surface s a l i n i t i e s  a t  two peaks were L .32 and L .68 0 / 0 0 , r e s p e c t i v e l y .
In December 1986 (data c o l l e c t e d  a t  Dancing P o in t ,  6 l km upstream from 
NNS), the s a l i n i t y  ranged from O.56 to 1.80 0 / 0 0  in the sur face and 0.6U
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Figure 10. Percentage netplankton biomass in the very  low s a l i n i t y  
region and a t  the approximately  2 o /oo i s o h a l in e .
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Table  2. Surface phytoplankton biomass over the t i d a l  cyc le  a t  anchor 
s ta t i o n s  in October and December 19 8 6 , and August 1987 (Data in October  
and December were c o l l e c t e d  61 km upstream from NNS and data in August 93 
km upst ream) .
Time










Sa l i  ni ty  
Dec.
1730 3.04 _ 1.80 2.15
1800 23-^9 - 96.22 4.32 - 5 .34 -
1830 - 3 .36 - - 1.50 - 1.70
1900 17.01 - 96.22 5 .1 4 - 5 .82 -
1930 - 3-46 - - 1.12 - 1.17
2000 12.17 - 91.97 5 .6 0 - 5 .96 -
2030 - 3 .80 - - 1.00 - 1.13
2100 11.69 - 91.97 5-24 - 6 .00 -
2130 - 14.23 - - 0 .7 4 - 0 .87
2200 11.21 - 96.20 5-50 - 5 .66 -
2230 - 14.23 - - 0 .9 3 - 1.02
2300 13.04 - 99.66 5-76 - 6 .04 -
2330 - 4 .66 - - 0 .77 - 0 .9 4
2400 17.78 - 100.05 4.68 - 5 .60 -
0030 - 4 .18 - - 0 .5 6 - 0 .6 4
0100 15.58 - 101.97 14.52 - 5 .30 -
0130 - 3 .99 - - 1.02 - 1.17
0200 11.91 - - 4 .20 - 4 .84 -
0230 - 3 .67 - - 1.314 - 1.76
0300 10.70 - 91.39 3-86 - 4 .98 -
0330 - 3 .38 - - 1.43 - 1.47
0400 10.24 - 92.35 i*.35 - 4 .70 -
0430 - 3-24 - - 1.50 - 1.65
0500 9.67 - 87.514 4.30 - 4 .90 -
0530 - 2.97 - - 1.60 - 1.85
0600 11.86 86.58 4.30 4 .10
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to  2 .1 5  0 /0 0  a t  1 meter above the bottom. Maximum c h lo rop h y ll  a was 4 .66  
ug/L w ith  0 .7 7  0 /0 0  of surface  s a l i n i t y  and minimum was 2 .97 ug/L w ith  
1.60 0 /0 0 .  In August 1987. data were c o l le c te d  near the p o s it io n  where 
the phytoplankton biomass peak occurred (approxim ate ly  93- 1  km upstream 
from NNS). Surface phytoplankton c h lo ro p h y ll  a ranged from 86.58  to  
101.97 ug /L . In October, December and August, the d i f fe re n c e s  between 
maximum and minimum ch lo ro p h y ll  a were 13-82 ug /L , I .69 ug/L and 15-39  
ug /L , re s p e c t iv e ly .
F igure 11 shows the sur face chlorophy l l  a along the main channel  
dur ing per iods of  f lo o d i n g  and ebbing t id es  fo r  one day.  During the  
October 1986 survey, maximum ch lor ophy l l  a dur ing per iods of  f lo o d ing  
t i d e  was 7 8 . 6 1 ug/L a t  the p o s i t io n  o f f  Hopewell c i t y  (100.6  km upstream 
from NNS) and the concent ra t io n  a t  the same p o s i t i o n  decreased to 69-93  
ug/L dur ing ebbing t i d e .  The d i f f e r e n c e  of 8 .98  ug/L is comparable to  
15-39 ug/L of d i f f e r e n c e  between maximum and minimum chl orophy l l  a 
concen t ra t ion  measured over one t i d a l  cyc le  a t  the anchor s t a t i o n  near 
the peak in August 1987- Maximum c h lorophy l l  a con cent ra t io n  during  
per iods of ebbing t i d e  was 74-23 ug/L and occurred approximately  3 4m 
downstream. The d i f f e r e n c e  in c h lorophy l l  a concent ra t io n  between the  
two peaks was 4 .3 8  ug/L but  the the peak zones were almost equal in 
w id th .  .In December 1986, when the peak did  not occur ,  the re  was l i t t l e  
d i f f r e n c e  in c h l orophy l l  a con cen trat ion  between the f lo od ing  and ebbing 
t i d e  per io d .
The c yc le  of spr ing -  neap t id e  d id  not a f f e c t  the  occurrence of  
peak phytoplankton biomass in the very  low s a l i n i t y  re g io n .  Monthly  
sampling was done a t  spr ing  and neap t id e  period  in an a l t e r n a t in g  
p a t te rn  from Ju ly  1986 through February 1987- The peak biomass occurred
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Figure 11. Surface phytoplankton biomass dur ing  the per iods of  f lo o d i  
and ebbing t i d e  f o r  one day on 25 October and on 20 December 1986 -
ng
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in July  through November 1986 independent of  the t i d a l  s t a t e .  From 
December 1986 through February 1987. peak biomass disappeared wi thout  
regard to the t i d a l  s t a t e .
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3_4 P a r t i c u l a t e  Organic Matter
P a r t i c u l a t e  organ ic  carbon (POC) and n i t ro gen  (PON), p a r t i c u l a t e  
biogen ic  s i l i c a  (PBS), ch lo rophy l l  a and phaeopigments were measured in 
the sur face  water  along the estuary  a x is -  The r a t i o s  of POC to PON, 
c h lorophy l l  a to  phaeopigments, PBS to POC, POC to chlorophy l l  a,  and the 
percent  dry weight of POC, PON, PBS and ch lo r op h y l l  a in t o t a l  suspended 
matter  were c a l c u l a t e d .  The r e s u l t s  are  recorded in Appendices D, E and 
F. This  study focused on the comparison o f  the chemical composit ions of  
these p a r t i c u l a t e  organic  matters  between the zone of  peak phytoplankton  
biomass and approximately  2 o/oo isoha l i n e  re g io n .
P a r t i c u l a t e  b iogen ic  s i l i c a  (PBS) in the sur face was usu a l l y  less  
than 1 umole/L except  in the zone of  high phytoplankton biomass (Table  
3 ) .  When the re  was a phytoplankton bloom a t  the mouth of the estuary in 
February 19 87 » the concen trat ion  was 8 .65  umole/L . The concen trat ion  in 
the peak biomass zone in July and August 1987 was 20.07 and 16.26  
umole/L,  r e s p e c t i v e l y .  These values are  much lower than the in f lowing  
r i v e r i n e  d issolved  s i l i c a t e  c oncent ra t io n  (approximately  150 umole /L) .
The dry weight  r a t i o  of PBS to p a r t i c u l a t e  organ ic  carbon (POC) ranged 
from undet ec ta b le  l e v e ls  to 0 .213  (Table 3 ) .  During July  and August 1987 
when peak biomass occurred in the very  low s a l i n i t y  region,  the mean 
r a t i o  in the peak biomass zone was 0 .18 1 ,  w h i l e  the r a t i o  averaged 0 .008  
in the 2 0 /0 0  is o ha l in e  region (Table 4) . P a r t i c u l a t e  b iogenic  s i l i c a  
(PBS) comprised 0 .004  to 2 .937$ of  the t o t a l  suspended matter  by dry  
weight  (Table 5 ) -  The percent  PBS in the peak biomass zone averaged
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Table  3« Concentrat ion  of  p a r t i c u l a t e  b iogenic  s i l i c a  ( u n i t  = umole/L)  
and the dry we ight  r a t i o  of  p a r t i c u l a t e  b iogen ic  s i l i c a  (PBS) to 
p a r t i c u l a t e  organic  carbon (POC) from the sur fa ce  water along the estuary  
axi s .
February 27. 1987
D (km) S (0/ 00) Concentrat ion(umole/L) PBS/P0C
0 .8 15.32 8.65 0 .213
13-9 7-70 0.10 0.002
36.6 0 .7 8 0.05 ND
1*7 .6 0 .0 2 0 .05 ND
July  19, 1987
D (km) S (0/ 00) Concentrat ion (umole/L) PBS/P0C
29.3 7 .6 8 0 .25 0.006
U9.7 2 .3 8 0 . 1*6 0.006
61 .7 - 0 .35 0.009
7*».l - O.56 0.009
98 .8 0 .0 6 20.07 0.187
August 12, 1987
D (km) S (0/ 00) Concentrat i on(umole/L) PBS/P0C
61.3 3 .05 0 .3 5 0.006
102.9 0 .0 6 16.26 0.175
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Tab le  4 .  Comparison of  mean values of  the POC/PON r a t i o  by atom, the  
r a t i o  of  POC to ch lorophy l l  a (P O C /c h l . a ) ,  the Rb/Ra r a t i o  (Rb = 
f luorescence  be fo re  a c i d i f i c a t i o n ,  Ra = f luorescence a f t e r  
a c i d i f i c a t i o n ) ,  the r a t i o  of  PBS ( p a r t i c u l a t e  b iogen ic  s i l i c a )  to  POC and 
percent  dry weight  of  c h lo r op h y l l  a,  POC, PON and PBS in t o t a l  suspended 
matte r  between the peak biomass zone and 2 o /oo is o ha l in e  region when 
peak biomass occurred in the very  low s a l i n i t y  region (Data a re  mean + 
standard d e v i a t i o n ,  w i t h  number o f  observat ions in paren these s) .
Character  i s t  i cs Peak Zone 2 0 /0 0  1sohal i  ne
POC/PON 9-86 + 1 .32 (4) 18.58 ±  4 .64  (4)
p o e / c h i . a 62.00 ±  7 -4 0 (4 ) 146.08 ±  43.08 (4)
Rb/Ra 1.90 ± 0 . 0 0 8 (6) 1-73 ±  0 . 1 15 (6)
PBS/POC 0.181 ±  0 . 0 0 8 (2) 0 .0 08  ±  0 .00 2  (2)
% c h i .3 0 .27  ±  0 .0 35  (2) 0 .12  ±  0 .05 7  (2)
% POC 15-21 ±  0 .71 (2) 17.89 ±  0 .5 3 (2 )
% PON 1.74 ± 0 . 3 4 (2 ) 1.41 ±  0 . 2 7 (2 )
% PBS 2.756 ±  0 .25 7  (2) 0 .1 14  ±  0.011 (2)
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Table  5* Percent dry weight  of chl orophy l l  a,  p a r t i c u l a t e  b iogenic  
s i l i c a  (PBS), p a r t i c u l a t e  organic n i t ro gen  (PON) and carbon (POC) in 
t o t a l  suspended matte r  in February,  July  and August 1987 (D = d is tance  
from NNS, S = surface water s a l i n i t y  and u n i t  = %) .
February 27. 1987
0 (km) S (0 / 00) % Chi .a % PBS % PON % POC
0.8 15.32 0.19 2.011 0.69 9.44
13-9 7.70 0.05 0.020 0 .2 8 9 . * 7
36.6 O.78 0 0.004 NO 4.52
49.6 0 .02 0.01 0.008 ND 5.32
July  15. VO 00
D (km) S (0 / 00) % Chi .a % PBS % PON % POC
29-3 7.68 0.06 0.076 0 .9 5 13.59
49.7 2.36 0.08 0.122 0.83 10.30
61.7 - 0 .18 0.121 1-39 19-64
7 M - 0.17 0.110 1.22 18.26




D (km) S(o/oo) % Chi .a % PBS % PON % POC
61.3 3.05 0 .16 0.106 1.60 17.51
102.9 0 .0 6 0 .29 2.574 1.49 14.71
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2 . 76%. w h i l e  the percent  decreased to  0 . 11% in the 2 o/oo isoha l ine  
region (Table 4) .
Chlorophyl l  a comprised from 0 to 0.29% of  the t o t a l  suspended 
matter  by dry weight  (Table 5) • When peak phytoplankton biomass occurred  
in the very  low s a l i n i t y  region,  the percent averaged 0 . 27% in the peak 
biomass zone, w h i l e  the percent  decreased to 0 . 12% in the 2 o/oo  
is o ha l in e  region (Table 4 ) .  The r a t i o  of  p a r t i c u l a t e  organic  carbon 
(POC) to ch lor ophy l l  a a re  recorded in Appendix D. The r a t i o  ranged from 
48.9  to 998*8.  The r e l a t i v e l y  low r a t i o  in each month occurred in the 
high biomass zone. In February 1987 when the re  was a phytoplankton bloom 
a t  the mouth of  the es tu ary ,  the r a t i o  was 48.9 *  During the per iods th a t  
the peak biomass occurred in the very  low s a l i n i t y  reg ion,  the mean r a t i o  
in the peak zone (Table 4) was 6 2 . 0 ,  which is s i g n i f i c a n t l y  lower than 
the mean r a t i o  of  146.1 in the 2 o /oo is o h a l in e  region ( t  = 3*848,  0 .005  
< P < 0 . 0 1 ) .
The r a t i o s  of f luorescence values before  a c i d i f i c a t i o n  to  
f luorescence  a f t e r  a c i d i f i c a t i o n  of e x t r a c t s  ( r a t i o  of  ch lor ophy l l  a to  
phaeopigments) from the surface water along the estuary axis  are  recorded 
in Appendix E. The r a t i o  ranged from 1.23 a t  the 0 .7 8  o /oo isoha l ine  on 
27 February 1987 to  2 .0 9  a t  the 5*88 0 /0 0  is o ha l in e  on 25 October 1986. 
R e l a t i v e l y  low values in each month u s u a l ly  occurred in the upper p o rt ion  
of es tuary ,  where the magnitude of  the t u r b i d i t y  was high.  Table  6 shows 
monthly r a t i o s  from the surface water of  the very  low s a l i n i t y  re g ion.
In the summer and f a l l  of  1986 when r i v e r  d ischarge and the magnitude of  
the t u r b i d i t y  were low, the r a t i o  was r e l a t i v e l y  high ( ranging from 1.88  
to  1 . 89) ,  and then decl ined  to lower values (ranging 1.26 to  1. 51) during  
w in te r  1986 and e a r l y  spr ing 1987- In the l a t e  spr ing and summer of
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Table  6 . Monthly r a t i o  o f  f luoresce nce  values  before a c i d i f i c a t i o n  (Rb) 
to  f luorescence  a f t e r  a c i d i f i c a t i o n  (Ra) of e x t r a c t s  from the sur face  
water of  the very  low s a l i n i t y  reg ion  ( less than 0 .5  o / o o ) .
Month Rb/Ra
July  25, 1986 1.89
October 25,  1986 1.89
November 24, 1986 1.88
December 20, 1986 1.48
January 21,  1987 1.31
February 27, 1987 1.26
Apr i l  1, 1987 1.51
Apr i l  21, 1987 1.65
June 19, 1987 1.90
July  15, 1987 1.91
August 12, 1987 1.90
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1987. the r a t i o  increased again to  1 .9 1 .  When the phytoplankton biomass 
peak occurred in the very  low s a l i n i t y  reg io n ,  the r a t i o  averaged 1.90 in 
the peak biomass zone (Table k) . This  value is s i g n i f i c a n t l y  h igher  than 
the mean value of  1.73 in the 2 0 / 0 0  is o ha l in e  zone dur ing corresponding  
per iods ( t  = 3*802,  0 .002  < P < 0 . 0 0 5 ) .
P a r t i c u l a t e  organ ic  carbon (POC) and n i t ro gen  (PON), p a r t i c u l a t e  
biogen ic  s i l i c a  (PBS) and the r a t i o  of  POC to PON by atom are  recorded in 
Appendix F. P a r t i c u l a t e  organic  carbon (POC) ranged from 0 .7  mg/L near 
the estuary mouth on 25 July  1986 to & . h  mg/L a t  the 0 . 0 6  0 /0 0  is o ha l in e  
on 15 July  1987. P a r t i c u l a t e  organic  n i t ro gen  (PON) ranged from 
undet ec ta b le  le v e ls  in the upper p o r t i o n  of  estuary on 27 February 1987 
to  0.81 mg/L a t  the 0 .0 6  0 /0 0  is o h a l in e  on 15 July  19 8 7 - The r a t i o  of  
POC to PON by atom ranged from 8 .L 8 a t  the 0 .1 7  0 /0 0  is o ha l in e  on 25 July  
1987 to 39.25 a t  the 7 .70  0 / 0 0  is o h a l in e  on 27 February 19 87 - When the 
peak phytoplankton biomass occurred in the very  low s a l i n i t y  re g ion,  
percent  POC of t o t a l  suspended matte r  was lower in the peak biomass zone 
than in the 2 0 /0 0  is o ha l in e  re g ion,  w h i l e  percent  PON was higher in the  
peak biomass zone. T h e re fo r e ,  the r a t i o  of  POC to PON was s i g n i f i c a n t l y  
lower in the peak biomass zone than in the 2 0 /0 0  i s o h a l in e  region ( t  =
3 -130,  0 .0 2  < P < 0 .05)  as shown in Table  k .
In summary, when peak phytoplankton biomass occurred in the very  low 
s a l i n i t y  reg ion,  the r a t i o  of  POC to PON, the r a t i o  of POC to ch lorophy l l  
a ,  and the percent dry weight  of  POC in t o t a l  suspended matter  were lower 
in  the peak biomass zone than in the 2 0 /0 0  is o ha l in e  re g ion,  w h i l e  the  
r a t i o  of chl orophy l l  a to phaeopigments, the r a t i o  of  PBS to  POC, and the  
percent  dry weight of  PON, PBS and c h lorophy l l  a in t o t a l  suspended 
matter  were higher in the peak biomass zone.
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3 ~ 5  N u tr ien ts
The r e s u l t s  of the n u t r i e n t  analyses are  recorded g r a p h i c a l l y  both 
in Appendix G as concen trat ion  (umole/L) and s a l i n i t y  versus the d istance  
from a f i x e d  s ta t i o n  located o f f  the Newport News Shipyard (NNS) and in 
Appendix H as concen t ra t ion  versus s a l i n i t y  f o r  d isso lved  s i l i c a t e ,  
phosphate and n i t r a t e  plus n i t r i t e  ( h e r e i n a f t e r  r e fe r r e d  to as n i t r a t e ) .
D i ssolved S i 1i c a te
The concen trat ion  of  d issolved s i l i c a t e  ranged from undetectable  
le v e ls  on October 25, 1986 to 161.2 umole/L on January 21, 1987- Both 
maximum and minimum con cen trat ions  occurred in the very  low s a l i n i t y  
region (Appendix G and H ) . A composite s i l i c a t e  p l o t  from October 1986 
through February 1987 is shown in F igure 12. During months cha ra c ter i zed  
by high r i v e r  d ischarge (December 1986 through February 1987) ,  d issolved  
s i l i c a t e  concentrat ion  was r e l a t i v e l y  high along the axis  of  estuary,  
e x h i b i t i n g  a somewhat conserva t ive  mixing.  However, when discharge  
decreased (October and November 1986) ,  the re  was almost complete removal 
of  d issolved  s i l i c a t e  in the very  low s a l i n i t y  region,  showing a non­
con serv a t ive  mixing.
In October 1986, the concen trat ion  was undetectab le  w i t h i n  the 0 .1 7  
-  0 .8 4  0 /0 0  mixing segment and in November 1986, minimum concentrat ion  
occurred a t  the O.87 0 /0 0  is o ha l in e  (Appendix G and H ) . Removal ra tes  in 
October and November, which were determined by the r a t i o  of  minimum
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Figure 12. A composite s i l i c a t e  p l o t  from the surface water along the  
estuary axis  from October 1986 through February 19 87 -
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concent ra t io n  in the very  low s a l i n i t y  region to r i v e r i n e  con c en t ra t io n ,  
were 100 and 92%, r e s p e c t i v e l y .
Another f e a t u r e  o f  d isso lved  s i l i c a t e  d i s t r i b u t i o n  dur ing per iods of  
low r i v e r  d ischarge is an increase in concent ra t io n  a t  m id -e s tu a ry .  The 
increase in concent ra t io n  in July  and October 1986 occurred above the 
10.1+5 0 /0 0  and 11.11 0 /0 0  i s o h a l in e ,  r e s p e c t i v e l y  (Appendix H) . This  is 
f u r t h e r  downstream than the change a t  the 5 0 /0 0  is o h a l i n e  repor ted  in 
the Rappahannock River  estuary by Anderson (1986) .  The p o s i t i v e  
r e l a t i o n s h i p  wi th  s a l i n i t y  ind ic a tes  th a t  there  is a source w i t h i n  the  
e stuary  resupply ing the d issolved s i l i c a t e  to the water column. During  
months c h a r a c te r i z e d  by high r i v e r  d ischarge ,  high c oncent ra t io n  in the 
f reshwate r  zone (more than 11+0 umole/L) decreased s t e a d i l y  down-estuary  
u n t i l  the lowest concent ra t io n  ( less than 27 umole/L) was achieved in the 
most s a l i n e  water near the estuary mouth.
F igure  13 shows the lo n g i tu d i n a l  d i s t r i b u t i o n  p a t t e r n s  of the  
d isso lved  s i l i c a t e ,  ch lo rophy l l  a,  and s a l i n i t y  dur ing October 1986 
through February 19 87 - During per iods of  low r i v e r  d ischarge (October 
and November 1986) ,  there  was a phytoplankton biomass peak in the very  
low s a l i n i t y  region and the zone of  minimum dissolved s i l i c a t e  
c oncent ra t io n  corresponded to  a maximum phytoplankton biomass,  
suggest ing a cause and e f f e c t  r e l a t i o n s h i p ,  i . e .  the diatoms are  
u t i l i z i n g  dissolved s i l i c a t e  in t h i s  reg ion,  and uptake by them exhausts  
the concent ra t io n  below the d e te c ta b le  l e v e l s .  During per iods of  high 
r i v e r  d ischarge (December 1986 and February 1987) when peak biomass did  
not occurr ,  d issolved s i l i c a t e  concen t ra t ion  decreased s t e a d i l y  down 
e s t u a r y .  Meanwhile,  d isso lved  s i l i c a t e  concen t ra t io n  near the mouth of  
est uary  ranged from 11+.87 to  27.01+ umole/L,  vary in g  l i t t l e  wi thout  regard
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Figure 13* The lo n g i tu d i n a l  d i s t r i b u t i o n  of  d is so lved  s i l i c a t e ,  s a l i n i t y  
and ch lorophy l l  a from the surface water  along the estuary a x is :  (a) 
October 1986, (b) November 1986 , (c) December 1986 , and (d) February
1987.
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to the occurrence of phytoplankton biomass peak in the very  low s a l i n i t y  
region.
The concentra t ions of  the d issolved s i l i c a t e  in both the sur face and 
1 m above the bottom in July  1986 and February 1987 are l i s t e d  in Table  
7.  In Ju ly ,  which was c h a ra c te r i z ed  by the low r i v e r  d ischarge,  by 
maximum phytoplankton biomass and by dissolved s i l i c a t e  d e p le t io n  in the  
very low s a l i n i t y  re g ion,  the concen trat ion  was higher in the bottom 
water than in the sur face ,  e s p e c i a l l y  w i t h i n  the 1.70 -  k . 0 /0 0  mixing  
segment. I t  implies th a t  e i t h e r  resupply ing from sediment occurs w i t h i n  
t h i s  zone, or there  is less removal a t  1 meter above the bottom.
However, in February,  which was c h arac te r i zed  by a high r i v e r  d ischarge  
and conservat ive  behavior  of d issolved s i l i c a t e ,  the concent ra t io n  in the 
surface was always higher  than t h a t  in the bottom.
Phosphate
Phosphate was g e n e r a l ly  present  in concent rat ions of  less than 9 
umole/L (Appendix G ) . The d i s t r i b u t i o n  p a t te r n  along the ax is  of the  
estuary is almost id e n t ic a l  wi th  t h a t  of  d issolved s i l i c a t e .  During the 
per iods of low r i v e r  d ischarge the concen trat ion  in the f reshwater  zone 
was high (up to  8 .70 umole/L) and then decreased r a p i d l y  to  undetec tab le  
le ve ls  in the very  low s a l i n i t y  region where phytoplankton biomass 
peaked. Removal ra te  c a lc u la te d  in October and November 1986 was 100 and 
90%, r e s p e c t i v e l y .  A f t e r  removal w i t h i n  t h i s  zone, the concent ra t io n  
increased wi th  s a l i n i t y  u n t i l  the 15 -  20 0 /0 0  is o h a l i n e .  This is 
f u r t h e r  downstream compared to the increase in d issolved s i l i c a t e  
concen t ra t ion  which occurred u n t i l  the 1 0 - 1 1  0 /0 0  i s o h a l i n e .  During
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Table  7> Dissolved s i l i c a t e  concen t ra t ion  from both the surface  and 1 
meter above the bottom on 25 Ju ly  1986 and on 27 February 1987 (D = 
d is ta n ce  from Newport News Shipyard,  S = s a l i n i t y ,  c oncent ra t io n  u n i t  = 
u m o le /L ) .
25 July  1986
D (km) S (0/ 00) Surface Bottom
0 -9 23.00 27.01* 24.85
30.1* 10.1*5 50.82 51.76
54 .6 l*.3t* 39.38 45-77
S 9 . 0 1.70 25.27 29.05
95-2 0 .20 2 .22 2 .87
27 February 1987
0 (km) S (0/ 00) Surface Bottom
0 .8 15.32 26.94 16.46
13.9 7.70 84.30 51.27
36.6 0 .78 138.71 133-76
49 .6 0 .02 144.34 142.08
97.4 0 146.95 140.07
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high r i v e r  d is ch arge,  when the phytoplankton biomass was low w i t h i n  
e n t i r e  e s tu a r y ,  the d i s t r i b u t i o n  e x h i b i t e d  a somewhat conserva t ive  
mix ing .  The high c oncent ra t io n  in the f res hwate r  zone decreased s t e a d i l y  
down-estuary u n t i l  the lowest c oncent ra t io n  was achieved in the most 
s a l i n e  wa ter  near mouth of  the e s tu ary .
Phosphate con c en t ra t io n  near mouth of the estuary ranged from 0 .6 6  
to 1.67 umole/L , v ary in g  l i t t l e  w i t h  regard to  the occurrence of  the peak 
biomass in the very  low s a l i n i t y  re g io n .
Ni t r a t e
N i t r a t e  c oncent ra t io n  ranged from undet ec ta b le  le v e ls  in the 10.5  
0 /0 0  is o h a l in e  on 25 July  1986 to 136-2 umole/L in the 0 .3 0  0 /0 0  
is o h a l in e  on 24 November 1986 (Appendix G) . The n i t r a t e  d i s t r i b u t i o n  
p a t t e r n  along the axis  of the main channel was d i f f e r e n t  from th a t  of 
disso lved  s i l i c a t e  or phosphate (F ig .  14 ) .  The concent ra t io n  in the 
f res hwate r  was r e l a t i v e l y  low, u su a l ly  less than 40 umole/L (the  
except ion being October 19 8 6 , 83-9  umole/L) and i t  increased when 
f reshwat er  mixed w i t h  seawater .  During the summer and autumn months when 
the phytoplankton biomass peak occurred in the very  low s a l i n i t y  region,  
n i t r a t e  con c en t ra t io n  peaked in the approx imately  0 .3  0 /0 0  is o h a l in e ,  
w h i l e  i t  peaked in the 3 -0  0 /0 0  i s o h a l in e  when the peak biomass 
disappeared dur ing w in te r  and s p r in g .  Maximum con cent ra t io n  in summer 
and autumn (up to 135 umole/L) was higher  than th a t  in w in te r  and spr ing  
(up to  75 umole /L ) .  A f t e r  the maximum c on cen t ra t io n  o f  n i t r a t e ,  during  
summer and autumn, the re  was a rap id  decrease in concen t ra t ion  w i t h i n  the  
0 .3  -  6 .0  0 /0 0  mixing segment, and then n i t r a t e  con cent ra t io n  decreased
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Figure 14. The lo n g i tu d i n a l  d i s t r i b u t i o n  of  n i t r a t e  plus n i t r i t e  on 25 
October and on 20 December 1986.
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s t e a d i l y .  During w in te r  and spr ing,  the concent ra t io n  decreased s t e a d i l y  
downestuary; a f t e r  the maximum con cen t ra t io n ,  u n t i l  the lowest  
con cen t ra t io n  was achieved a t  NNS. Consequently,  n i t r a t e  mixed 
c on s e r v a t iv e ly  above the 6 .0  o /oo is o ha l in e  w i t hout  regard to the  
occurrence of phytoplankton biomass peak in the very  low s a l i n i t y  region.
The n i t r a t e  concen t ra t ion  a t  NNS, dur ing the t ime of the year when 
peak phytoplankton biomass occurred in the very  low s a l i n i t y  region,  
ranged from 3-1 to  7*6  umole/L,  w h i l e  the concent ra t io n  was higher during  
the months when the phytoplankton peak did not occur,  ranging from 12.7  
to 16.7 umole/L.




l»-1 In t ro d uc t io n
The data show tha t  the re  is a phytoplankton biomass peak in the very  
low s a l i n i t y  r e g io n . o f  the James River  estuary dur ing summer and autumn. 
The peak region has f i v e  to ten times g rea te r  biomass than adjacent  
waters f u r t h e r  up and downstream (Appendix C ) . High phytoplankton  
biomass in the very  low s a l i n i t y  region of the m i d - A t l a n t i c  r i v e r s  are  
considered as natura l  phenomena. Brehmer (1972) and Anderson (1986) 
reported the high biomass w i t h i n  t h i s  zone of  the York,  the Rappahannock 
and the James R iver  e s t u a r i e s ,  Simpson e t  a l .  (1977) in the Hudson River  
estuary ,  D ' E l i a  e t  a l . ( 1983) in the Patuxent River  es tu ary ,  Woodward 
(1983) and Bennett  e t  a l . (1986) in the Potomac R iver  es tuary ,  F i l a rd o  
and Dunstan ( 1985) in the James River  estuary ,  and Sharp e t  a l .  (1982) in 
the Delaware es tuary .
Only a few stud ies  have focused on the c o n t r o l l i n g  processes 
responsible  fo r  the high phytoplankton biomass in the very  low s a l i n i t y  
region.  Simpson (1977) and Bennett  e t  a l .  (1986) assumed th a t  the high 
biomass was due to the input  of  n u t r i e n t s  from anthropogenic sources in 
the upper es tuary .  The high phytoplankton biomass in the  upper Hudson 
River  estuary was a t t r i b u t e d  to n u t r i e n t  enrichment from the New York 
Cit y  area which discharges ru noff  and waste w a te r .  In the Potomac River  
e stuary ,  i t  was a t t r i b u t e d  to  enrichment from the Washington, D.C. area.
In t h i s  study of the James R iver  estuary ,  the lo c a t io n  of  n u t r i e n t
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inputs does not seem to be resp onsible  f o r  causing the observed 
phytoplankton biomass peak in the very  low s a l i n i t y  reg ion.  Maximum 
ch lor ophy l l  a (87.1*9 ug/L) in July  1986 which occurred 102.5 km upstream 
( located o f f  the Hopewell c i t y )  decreased to very  low biomass (16.06  
ug/L) a t  the same p o s i t io n  in November 1986 (F ig .  6) ,  w h i l e  the n u t r i e n t  
concentra t ions a t  t h i s  p o s i t io n  s t i l l  remained high (Appendix G ) . In 
November, the peak phytoplankton biomass occurred 13.1* km f u r th e r  
downstream. However, the peak always occurred in the very  low s a l i n i t y  
region where s a l i n i t y  was less than 0 .5  0 /0 0  (Table 1 ) .  This  supports  
the content ion  of Anderson ( 1986) who reported tha t  the occurrence of  the 
peak biomass in the very  low s a l i n i t y  region of  the t r i b u t a r i e s  of the 
Chesapeake Bay was not coupled w i t h  anthropogenic n u t r i e n t  source.
From another v ie w po in t ,  n u t r i e n t  l i m i t a t i o n  could not be responsible  
f o r  the low phytoplankton biomass during the months of w in te r  and spr ing  
when the peak biomass disappeared. In s p i t e  o f  the f a c t  tha t  d issolved  
s i l i c a t e  concentrat ion  was more than 11*0 umole/L,  n i t r a t e  more than 30 
umole/L,  and phosphate between 6 to 7 umole/L in the very  low s a l i n i t y  
re g ion,  biomass was low, i n d ic a t in g  t h a t  p h y s ic a l ,  not chemical ,  f a c to r s  
were c o n t r o l l i n g  abundance w i t h i n  t h i s  zone.
The e f f e c t  of the t i d a l  s ta te  on the occurrence,  the lo c a t io n  and 
the magnitude of the phytoplankton biomass peak has not been 
i n v es t i g a ted .  There is evidence (Hass, 1977) t h a t  the James River  
estuary r e g u l a r l y  o s c i l l a t e s  between condi t ions of  v e r t i c a l  homogeneity 
and s t r a t i f i c a t i o n  in con junct ion wi th  the monthly spr ing -  neap t i d e .
I t  was suggested th a t  the increased t i d a l  curren ts  associated wi th  the 
spr ing t i d e  cause a s h i f t  from a s t r a t i f i e d  to a we l l -mixed  water column 
and, conversely ,  decreased t u r b u l e n t  mixing during neap t id es  permit ted
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the re imposi t ion  of  v e r t i c a l  s t r a t i f i c a t i o n  through the in f lu x  of higher  
s a l i n i t y  water along the bottom of  the estuary .  When the water column 
becomes d e s t r a t i f i e d  during the per iod of spr ing t i d e ,  the d i s t r i b u t i o n  
of n u t r i en ts  and oxygen a lso become homogeneous (Webb and D ' E l i a ,  1980) . 
V e r t i c a l  mixing replenishes oxygen in the deep water ,  a cc e le ra t i n g  the 
input of regenerated benthic  n u t r i e n ts  into the water column. The 
diurna l  cycles of t i d e  are  known to a f f e c t  the v e r t i c a l  d i s t r i b u t i o n  of  
t o t a l  suspended matter  wi th  vary ing cur re n t  speed (Nichols ,  1972) . In 
the North Sea, high le ve ls  of  chlorophyl l  are deposited on the sediment  
surface during per iods of  slack c u r r e n t ,  thus providing a food source fo r  
benthic  animals,  w h i l e  the deposited chlorophyl l  is resuspended during  
per iods of f lo od in g  t i d e  (Jenness and Duineveld,  1985)*
Chlorophyll  a data which were c o l lec ted  in the peak biomass zone in 
August 1987 showed tha t  there  is l i t t l e  v a r i a t i o n  in the phytoplankton  
biomass over the t i d a l  cycle  (Table 2 ) .  The dis tance between two 
locat ions of  the peak during periods of f looding and spr ing t ides in a 
day, which was measured on 25 October 1986, was approximately  3 km. The 
d i f f e r e n c e  in chlorophyl l  a between phytoplankton biomass of the two 
peaks was less than 5 ug/L (Fig .  11).  In a dd i t io n ,  the monthly spr ing -  
neap t i d a l  cycle  did not a f f e c t  the occurrence of the peak biomass.  
Monthly sampling was done a t  spring and neap t i d e  in an a l t e r n a t i n g  
p at te rn  from July 1986 through February 1987- The peak biomass occurred 
in. July through November 1986 independent of the t i d a l  s t a t e .  From 
December 1986 through February 1987• the peak biomass did  not occur again  
independent of  the t i d a l  s t a t e .
I f  i t  is t rue th a t  phytoplankton biomass peak in the very  low 
s a l i n i t y  region of the James River estuary occurs independent of the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
lo c a t io n  of  n u t r i e n t  inputs and t i d a l  s t a t e ,  then what processes are  
responsible  fo r  causing the observed peak? The poss ible  processes w i l l  
be discussed in the fo l lo w in g  sec t ions .
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U -2  Hydrodynamic Trapping
The James River  is an example of  a p a r t i a l l y - m i x e d  es tuary  
(P r i t c h a r d ,  1952) .  Usual ly  i t  is a moderately  s t r a t i f i e d  es tuary  in 
which the dominant mixing agent is tu rbu lence  caused by t i d a l  a c t io n .
The s a l i n i t y  increases w i t h  depth and the s a l i n i t y - d e p t h  curve has the  
general  shape of an inverse tangent  f u n c t i o n .  The p a r t i a l l y - m i x e d  
estuary is o f t en  c h arac ter i zed  by a n o n - t i d a l  net c i r c u l a t i o n  in which a 
sur face layer  of  low-densi ty  water f lows seaward over a landward f lowing  
bottom layer  of  h ig h -d en s i t y  water ( P r i t c h a r d ,  1967) - A g enera l iz ed  
diagram of  the net  c i r c u l a t i o n ' in the p a r t i a l l y - m i x e d  estuary is 
presented in F igure 15-
The d i s t r i b u t i o n  of  suspended p a r t i c l e s  is inf luenced by such a non-  
t i d a l  net  c i r c u l a t i o n .  Dense p a r t i c l e s  s ink into the bottom c u r r e n t ,  
which converges wi th  r i v e r  cur re n t  near the landward ex ten t  of  s a l t  
in t ru s io n  where bottom c ur re n t  is zero and upward v e r t i c a l  v e l o c i t y  is 
g r e a te s t  (Hansen and R a t t r a y ,  19^5;19^7)-  T h ere for e ,  suspended p a r t i c l e s  
accumulate to  form a t u r b i d i t y  maximum near t h i s  convergence zone, or 
"nu l l  zone".  Because p a r t i c l e  concent ra t io n  maxima r e s u l t  from a balance  
between s inking  and v e r t i c a l  adv ec t ion ,  only  those p a r t i c l e s  having 
a ppro pr ia te  d en s i t i es  accumulate (Postma, 19&7)• L ig ht  p a r t i c l e s  are  
advected seaward in the surface la ye r  and dense p a r t i c l e s  a re  not  
resuspended. Phytoplankton have a wide range of d e n s i t i e s  depending on 
t h e i r  type and physio log ical  s t a t e .
As r i v e r  discharge cont ro ls  the degree of  mixing and thus re gulates
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Figure 15. A g enera l iz ed  diagram of  the net  c i r c u l a t i o n  in 
mixed es tuary (modi f ied from Peterson e t  a l . ,  1978) .
a p a r t i a l l y -



































the two- lay er  c i r c u l a t i o n ,  i t  a lso  c on t ro ls  the t rapping of  p a r t i c l e s  to 
form a maxima. Highest suspended p a r t i c l e  concent rat ion  has been 
encountered w i t h i n  a c r i t i c a l  f low range, above which p a r t i c l e s  are  
advected seaward out of the maximum zone, and below which the landward 
and upward cur re n t  are  reduced so as not to t rap and mainta in  p a r t i c l e s  
in suspension (Nichols,  1972) . The d en s i t y  -  s e l e c t i v e  accumulat ion of  
suspended sediments by es tuar i ne  c i r c u l a t i o n  is documented in the  
northern Chesapeake Bay (Schubel, 19&9)> ^ e  Rappahannock River  estuary  
(Nichols and Poor, 19&7) . the James River  estuary (Nichols,  1972) and the
northern San Francisco Bay (Conomos and Peterson, 1977)-
The phytoplankton biomass peak in the very low s a l i n i t y  region of  
the James River  estuary could be caused by the same mechanism involved in 
the format ion of the t u r b i d i t y  maximum in p a r t i a l l y - m i x e d  e s t u a r i e s .  The 
t rapp ing model n ic e ly  expla ined the phytoplankton dynamics of the
p a r t i a l l y - m i x e d  northern San Francisco Bay. With a ser ies  of
mathematical s imulat ions v e r i f i e d  by f i e l d  s tud ie s ,  Peterson e t  a l .
( 1978) demonstrated th a t  f reshwater  d ischarge,  as i t  inf luences the 
t rapping of p a r t i c u l a t e s  to form the t u r b i d i t y  maximum, a lso  regulates  
the phytoplankton biomass in the low s a l i n i t y  p o r t i o n  of the est uary .
Bal l  and Arthur (19 8 1) measured the s e t t l i n g  v e l o c i t y  of natura l  
phytoplankton assemblages (dominated by the diatoms, Thalassios i  ra 
eccent r ica  and Ske1etonema costatum) in the northern San Francisco Bay by 
fo l lo w in g  the time -  course of chlorophy l l  s e t t l i n g  in a 25 cm tube.  In 
the area around the t u r b i d i t y  maximum, c a lc u la te d  s inking ra te s  ranged 
between 1.5 -  6 m per day (averaged about 3 m per day) and the high 
sinking ra te s  were a t t r i b u t e d  to  the secret ions by the dominant species  
which bind p a r t i c u l a t e  m a te r ia ls  to the c e l l s .  The s inking ra tes  of  th i s
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magnitude are c lose to c a lc u la te d  net  upward v e r t i c a l  water v e l o c i t y  (3 . 1+ 
m per day) in the nu l l  zone of  the northern San Francisco Bay dur ing  
normal summer r i v e r  d ischarge (O'Connor and Lung, 19 8 1) .
In the James River est uary ,  the net  upward v e r t i c a l  water v e l o c i t y  
at  the 12.5 0 /00  is o ha l in e  dur ing normal summer r i v e r  d ischarge was 
c a lc u la ted  as 0 .9  m per day (P r i t c h a r d ,  1967)-  The v e l o c i t y  in the nul l  
zone w i l l  be increased because the upward v e l o c i t y  w i t h i n  t h i s  zone is 
known to be g re at es t  (Hansen and R a t t r a y ,  1965;1967)-  The net  upward 
v e r t i c a l  ve locuty  in the nu l l  zone during normal w in ter  r i v e r  d ischarge  
(251 m3sec_1) was c a lc u la te d  as 1.8 m per day (O'Connor and Lung, 19 8 1) .  
When r i v e r  discharge decreases, the v e r t i c a l  v e l o c i t y  w i l l  be decreased 
(Schubel, 1969; Festa and Hansen, 1978; Peterson and Festa,  1981+). 
There fore ,  during summer and f a l l  ( r i v e r  d ischarge was between 28.3  and
111.6 m^sec*1) when peak phytoplankton biomass occurred in the very  low
s a l i n i t y  region in th is  study,  the net  upward v e r t i c a l  water v e l o c i t y  was 
c a lc u la ted  to be between 0 .9  and 1.8 m per day. Smayda and Boleyn ( 1966) 
measured phytoplankton s inking ra tes  in c u l t u r e .  The mean s in k in g  rate  
of  a diatom, Skeletonema costatum ranged from 0 .30  to 1.35 m per day and 
the r a te  of another diatom, Rhizoso len ia  s e t i q e r a , ranged from 0 . 1 6 to
1.77 m per day. In th is  study,  a dominant species in the peak biomass
zone was a diatom, Mel os i ra sp. Due to hea v i ly  s i l i c i f i e d  f r u s t u l e s  of  
t h i s  species (Anderson, 1986) ,  the s inking r a te  is probably c lose  to the 
maximum phytoplankton s inking rates reported by Smayda and Boleyn ( 1966) .  
In Appendix I ,  the s inking r a te  of t h i s  species was c a lc u la te d  by using a 
Komar's equation (Komar, 1980) fo r  a c y 1in d r ic a l -s h ap e  p a r t i c l e .  Rates 
ranged from 0 . 9  to 1 .6 m per day a t  5°C and 25°C, r e s p e c t i v e l y .  These 
temperatures represent  the seasonal range measured in the study area
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(Appendix A) .  F igure 16 shows the s inking  ra tes  of  t h i s  species and net  
upward v e r t i c a l  water v e l o c i t y  in the nu l l  zone dur ing per iods of both 
h i g h - r i v e r  discharge (winter )  and l o w - r i v e r  d ischarge (summer). 
S i g n i f i c a n t l y ,  dur ing per iods of low r i v e r  d isch arge,  the s inking ra tes  
of th is  species c lo s e ly  balance the net  upward v e r t i c a l  water v e l o c i t y  in 
the nu l l  zone of the James River  es tuary .
Cloern et  al . (1983) demonstrated tha t  n e r i t i c  diatoms are  
s e l e c t i v e l y  trapped in the t u r b i d i t y  maximum zone of the upper San 
Francisco Bay. They measured the percent  netplankton biomass ( reta ined  
by 22 urn screen) of  the t o t a l .  The netplankton comprised more than 80%, 
suggesting tha t  l i g h t e r  forms of  phytoplankton,  such as f l a g e l l a t e s ,  are  
advected seaward out of the t u r b i d i t y  maximum zone.
In the James River  est uary ,  the percent  netplankton biomass 
( re ta ined  by 28 urn screen) in the very  low s a l i n i t y  region was 
s i g n i f i c a n t l y  higher than the percent  a t  the 2 o/oo is o ha l in e  during the  
months when the phytoplankton biomass peak occurred (F ig .  10) .  This  
suggests tha t  diatoms are  s e l e c t i v e l y  trapped in t h i s  zone, because the 
s iz e  of diatoms is u su a l ly  la rger  than 25 urn. However, the netplankton  
chlorophy l l  a was u su a l ly  less than 50% of the t o t a l  biomass, w h i l e  more 
than 80% was reported in the upper San Francisco Bay (Cloern e t  a l . ,
1983) .  Netplankton biomass in the James River  estuary was determined by 
sub t ra c t in g  the nanoplankton biomass from the un fra c t ioned  biomass. This  
is probably an underest imat ion because the nanoplankton biomass was not  
correc ted  fo r  the soluble  f r a c t i o n s  (passing the g lass f i b e r  f i l t e r )  
which o r i g i n a t e  from other than phytoplankton such as broken c e l l s .  
However, the percentage of soluble  ch lorophy l l  a is known to range only  
from 0 to  6% wi th  an average 2% in the San Francisco Bay (Alpine and
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Figure 16. Sinking ra tes  (w) of  a diatom, M elos ira  sp, and net upward 
v e r t i c a l  water v e l o c i t y  (v; c a lc u la t e d  from O'Connor and Lung, 19 8 1 and 
P r i t c h a r d ,  1967) in the ' n u l l '  zone during per iods of  (a) high r i v e r  
discharge (winter )  and (b) low r i v e r  discharge (summer).
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Cloern,  1985)* Thus, the percent  netplankton biomass in the James River  
estuary is s t i l l  r e l a t i v e l y  low compared to the biomass in the San 
Francisco Bay, even when soluble  chlorophy l l  a is considered.
Aggregation of  other  smal ler  phytoplankton w i t h  c lay  p a r t i c l e s  
(Avnimelech, 1982) or shr inkage of f reshwater  phytoplankton due to  
osmotic stress  (G u i l l a r d ,  1962) may enhance t h e i r  s inking  r a te s ,  and thus 
opt imize  the l i k e l ih o o d  of  r e te n t i o n  by e s tu ar in e  c i r c u l a t i o n  in the 
t u r b i d i t y  maximum zone.
In add i t io n  to netplankton biomass, the d i s t r i b u t i o n  p a t te r n  of  
dissolved s i l i c a t e  along the axis  of an estuary can be an important  
parameter fo r  in v e s t i g a t in g  the diatom d i s t r i b u t i o n .  From t h i s  study,  
most of the inf lowing r i v e r i n e  supply of d issolved s i l i c a t e  was removed 
in the very  low s a l i n i t y  region when the peak biomass occurred w i t h in  
t h is  zone (Fig .  13) ,  suggesting tha t  diatoms are  s e l e c t i v e l y  trapped 
w i th in  t h i s  zone.
The most s i g n i f i c a n t  a l lochthonous source of d issolved s i l i c a t e  in 
an estuary is r i v e r i n e  input of s i l i c a t e  produced both from weather ing  
and d is s o lu t io n  of  c ru st a l  mineral  c ry s ta ls  and from the decay of  
b io lo g ic a l  mate r ia l  such as t e r r e s t r i a l  p lants  tha t  conta in  s i l i c a  
(Si lverman, 1979)* Municipal  wastewater contains low amounts of  s i l i c a t e  
(O f f ic e r  and Ryther,  1980) , and thus c ont r ibu tes  l i t t l e  to the est uary .  
Although non-b io log ical  removal of d issolved s i l i c a t e  was reported in the 
Conway River  estuary (Liss and Spencer,  1970) and in the Tamar estuary  
(Morris e t  a l . ,  1981) ,  most removal of d issolved s i l i c a t e  is known to 
occur by diatom uptake (Peterson e t  a l . ,  1978; D ' E l i a  e t  a l . ,  1983;
Yamada and D ' E l i a ,  1984) .  Diatoms take up the d issolved s i l i c a t e  to 
b u i ld  t es ts  or f r u s t u l e s  (Conway e t  a l . ,  1977) -
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According to the t ime s er i es  of monthly surveys (Fig.  12) ,  during  
w in te r  and spr ing (periods of high r i v e r  d is ch a rg e ) ,  d issolved s i l i c a t e  
d i s t r i b u t i o n s  appear c o n serva t ive .  However, the c h a r a c t e r i s t i c  non­
conserva t iv e  p a t t e r n  appears and p r e v a i l s  during summer and f a l l  (periods  
of low r i v e r  d is c h a r g e ) .  Figure 13 shows tha t  peak phytoplankton biomass 
c l e a r l y  corresponds to the minimum d issolved s i l i c a t e  concen trat ion .
Both maximum phytoplankton biomass and the disso lved  s i l i c a t e  minimum 
occurred in the very  low s a l i n i t y  reg ion.
A s i m i l a r  d i s t r i b u t i o n  p a t te r n  of d isso lved  s i l i c a t e  and 
phytoplankton biomass has been repor ted  in many e s t u a r i e s .  Simpson et  
al • ( 1977) reported disso lved  s i l i c a t e  d ep le t io n  corresponding to high 
phytoplankton biomass in the very  low s a l i n i t y  region of the Hudson River  
e stu ary .  S i m i l a r  r e s u l t s  were reported by D ' E l i a  e t  a l .  (1983) in the 
Patuxent  River estuary and Anderson (1986} in the t r i b u t a r i e s  of  the 
Chesapeake Bay. A genera l i zed  model of  the d i s t r i b u t i o n  of s a l i n i t y ,  
chlor ophy l l  a and d issolved  s i l i c a t e  for  the per iods of high and low 
r i v e r  d ischarge is presented in F igure 17- During per iods of low r i v e r  
discharge,  the exhaustion of d issolved  s i l i c a t e  in the very  low s a l i n i t y  
region is due to the high diatom biomass trapped w i t h i n  th is  zone.
During per iods of  high r i v e r  d ischarge,  the peak biomass disappears and 
dissolved s i l i c a t e  d i s t r i b u t i o n  becomes c onserv a t ive .
The dry weight  r a t i o  of p a r t i c u l a t e  b iogenic  s i l i c a  (PBS) to 
p a r t i c u l a t e  organic  carbon (POC) a lso  shows tha t  diatoms are s e l e c t i v e l y  
trapped in the very  low s a l i n i t y  reg ion.  When peak phytoplankton biomass 
occurred in the very  low s a l i n i t y  reg ion,  the r a t i o s  in the peak biomass 
zone were 0 .19  and 0 .1 8  in July  and August 1987 . re sp e c t iv e ly  (Table 3 ) •  
These values are comparable to the r a t i o  of 0 .24  -  0 .2 6  reported by
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Figure  17. A gen era l iz ed  model of the d i s t r i b u t i o n  of  sa' 
chl orophy l l  and dissolved s i l i c a t e  (a) dur ing per iods of  1 
discharge (b) during per iods of high r i v e r  d ischarge (modi 
Anderson, 1986) .
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Paasche (1980) fo r  hea l thy  growing c u l tu r e  of a diatom, Skeletonema 
costatum a t  18°C and the r a t i o  of 0 .2  -  0 .3  reported by Paasche and
Ostergren ( 1980) fo r  the spr ing diatom bloom in the O s lo f j o r d .  Thus,
r a t i o s  in t h i s  study i n d ic a te  th a t  diatoms s i g n i f i c a n t l y  co n t r ib u te  to 
the POC in the peak biomass zone. R e l a t i v e l y  low r a t i o s  in the very  low 
s a l i n i t y  region of the James River  estuary are probably due to n o n - l i v in g  
d e t r i t u s  and other  phytoplankton species which a lso comprise POC in the 
peak biomass 2one. In February 1987, near the mouth of  the estuary ,  
where the spr ing diatom bloom occurred and the magnitude of  the t u r b i d i t y  
was low, the r a te  was 0.21 (Table 3) which agrees wel l  w i t h  the r a t i o s  
reported by Paasche and Ostergren ( 1980) .  The r a t i o  in the 2 0 /00  
i soha l ine  region averaged 0.01 during periods tha t  peak biomass occurred
(Table 4 ) .  This  suggests th a t  diatom biomass decreases r a p i d l y  w i t h i n  a
narrow range of s a l i n i t y .
The r a t i o  of  POC to ch lorophy l l  a by dry weight  is known to vary  
with species composition of the phytoplankton assemblage (Steele  and 
Baird,  1962; Lorenzen, 1968; Eppley e t  a l . ,  1977) .  The r a t i o s  fo r  the 
diatom bloom were reported as 42 and 40.5  in the southern C a l i f o r n i a  
big ht  (Eppley e t  a l . ,  1977) and in the Peruvian upwel l ing area (Lorenzen,  
1968) ,  r e s p e c t i v e l y .  The r a t i o  was between 78 and 209 fo r  the 
d i n o f 1a g e l 1 a te  bloom in the southern C a l i f o r n i a  b i g h t .  In the James 
River  es tuary ,  the r a t i o  ranged from 51*2 to 67-5  (averaged 62.0)  in the  
peak biomass zone (Appendix D ) , suggesting th a t  diatoms s i g n i f i c a n t l y  
c o n t r ib u t e  to POC in the peak biomass zone. R e l a t i v e l y  high values in 
t h i s  sudy are  probably due to n o n - l i v i n g  d e t r i t u s  and other  phytoplankton  
species in the peak biomass zone. In February 1987* dur ing the spring  
diatom bloom at  the mouth of  the estuary ,  the r a t i o  was 48.9  (Appendix D)
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which agrees well  wi th  the r a t i o s  reported by Eppley e t  a l .  (1977) and 
Lorenzen (1968) fo r  diatom blooms. The r a t i o  in the 2 0 /0 0  isoha l ine  
region averaged 146.1 dur ing per iods th a t  peak biomass occurred (Table  
4 ) ,  i n d ic a t in g  low diatom abundance in t h i s  zone.
A sample selected  from the peak biomass zone in June 1987 was used 
to make a q u a l i t a t i v e  assesment, using a microscope, as to whether  
diatoms were dominant or n o t .  Dominant species in the peak biomass zone 
were f reshwater  forms of  diatoms having h eav i ly  s i l i c i f i e d  f r u s t u l e s .
The species were Melosi ra sp , C y c l o t e l l a  sp, Synedra sp. Cocconei s sp. 
Gyrosiqma sp, Navicula  sp and Sur i r e l 1 a sp .
Consequently,  the s e t t l i n g  v e l o c i t y  of  dominant phytoplankton  
species,  the percent  netplankton biomass, the d issolved  s i l i c a t e  
d i s t r i b u t i o n ,  the r a t i o  of  PBS to POC, and the r a t i o  of  POC to 
chl orophy l l  a in the very  low s a l i n i t y  region a l l  in d ic a te  tha t  diatoms 
are s e l e c t i v e l y  t rapped w i t h i n  the t u r b i d i t y  maximum zone during periods  
of low r i v e r  d ischarge (summer and f a l l ) .
Whi le  i t  is hypothesized tha t  the observed phytoplankton biomass 
peak in the very  low s a l i n i t y  region of  the James River  estuary is caused 
by the same t rapping mechanism involved in the format ion of the t u r b i d i t y  
maximum in p a r t i a l l y  mixed e s tu ar re s ,  the higher phytoplankton biomass 
did not seasonal ly  correspond to the g rea ter  magnitude of  the t u r b i d i t y  
max imum.
The magnitude of  the t u r b i d i t y  maximum in the James River estuary  
was p ro port iona l  to  the r i v e r  d ischarge as shown in F igure 3* As r i v e r  
discharge increased, the t u r b i d i t y  maximum zone moved in the seaward 
d i r e c t i o n  and the magnitude of the t u r b i d i t y  maximum increased.  Nichols  
(1972) a ls o  indicated th a t  the t u r b i d i t y  maximum in the James River
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estuary  is most pronounced in spr ing when r i v e r  f low is h ig h .  Unl ike  the 
magnitude of the t u r b i d i t y ,  phytoplankton biomass in the very low 
s a l i n i t y  region of the James River  estuary v a r ie d  in versely  wi th  r i v e r  
discharge (F ig .  7 ) •  Surface phytoplankton c h lorophy l l  a w i t h i n  t h i s  zone 
t y p i c a l l y  increased when mean monthly d ischarge f e l l  below about 120 
rrRsec' 1 in the spr ing,  peaked in summer, d ec l in ed  in f a l l ,  and reached a 
minimum during peak w in te r  d ischarge.  S i m i la r  v a r i a t i o n s  in 
phytoplankton abundance and r i v e r  d ischarge in the very low s a l i n i t y  
region have been noted in the Potomac River  estuary by Sze (1981) and 
Bennett  e t  a l .  (1986) ,  in the San Francisco Bay by Peterson et  a l .  (1978) 
and Cloern e t  a l .  (1983) ,  and in the James River  estuary by F i la rd o  and 
Dunstan (1985) •
As r i v e r  d ischarge increases,  the net n o n - t id a l  c i r c u l a t i o n  in the 
San Francisco Bay is known to become stronger  and the net upward v e r t i c a l  
v e l o c i t y  to become la rg er  (Festa and Hansen, 1978; Peterson and Festa,
1984) .  Th ere for e ,  h igher  s e t t l i n g  v e l o c i t i e s  are  requi red  to develop a 
t u r b i d i t y  maximum. Schubel ( 1969) showed that  the mean diameter  of  
p a r t i c l e s  in the t u r b i d i t y  maximum of the Chesapeake Bay is larger  in 
w in te r  than in summer. Meanwhile,  the s inking r a t e  of a diatom during  
w in te r  (F ig .  16) decreased due to the increased c o e f f i c i e n t  of dynamic 
v i s c o s i t y  a t  low temperature (Appendix I ) .  Th ere for e ,  diatoms are  
probably not trapped in the t u r b i d i t y  maximum zone of the James River  
estuary  during w in te r  and spr ing due to  both decreased s inking ra te  of  
phytoplankton and increased net  n o n -t id a l  c i r c u l a t i o n .
The reverse r e l a t i o n s h i p  of phytoplankton biomass wi th  r i v e r  
discharge (F ig .  7) ind icates  the hydrodynamic con tro l  over phytoplankton  
biomass in the very low s a l i n i t y  reg ion.  Water residence t ime ,  the
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average time required for  water to enter  and leave the es tu ary ,  is 
inf luenced by both advect ive and d i f f u s i v e  processes.  River  d ischarge  
and dens i ty  currents  cont rol  advect ive processes, w h i l e  wind and t i d a l  
mixing control  d i f f u s i v e  processes. In genera l ,  r i v e r  cur rents  decrease  
in the seaward d i r e c t i o n  w i t h  increasing cross-channel areas ,  whereas 
landward f lowing dens i ty  currents  u l t i m a t e l y  weaken to equal the opposing 
r i v e r  curren t  (Peterson e t  a l . ,  1978) . The net  e f f e c t  of  these processes 
may produce a long i t ud ina l  v a r i a t i o n  in the advect ive  and d i f f u s i v e  
replacement time of a substance.  As r i v e r  discharge increases,  the nul l  
zone s h i f t s  seaward, the residence t ime decreases, and lo ng i t ud ina l  
v a r i a t i o n s  in advect ive water replacement t ime may become r e l a t i v e l y  
smal l .  Decreased residence time during periods of high r i v e r  discharge  
re s u l ts  in a low phytoplankton biomass in the very  low s a l i n i t y  region of  
the James River estu ary .
Though there was an inverse r e l a t i o n s h i p  between maximum biomass and 
r i v e r  discharge in each year ,  the biomass in summer was higher in 1987 
than in 1986 wi th  almost id e n t ic a l  r i v e r  discharge (F ig .  8) .  A s im i l a r  
phenomenon was observed in the Potomac River estuary by Bennett  e t  a l .  
( 1986) ,  who reported tha t  h i g h - r i v e r  d ischarge in spr ing was associated  
with high biomass in the f o l lo w in g  summer. I t  was suggested tha t  spr ing  
f loods d e l i v e r  large loads of  p a r t i c u l a t e  n i t rogen  and phosphate to the  
t i d a l  r i v e r ,  and these p a r t i c u l a t e  matter  is m in e ra l iz ed  by b a c t e r ia  to 
inorganic  n i t rogen and phosphate, re leased to the water column and made 
a v a i l a b l e  fo r  phytoplankton use. However, in the James River  estuary,  
n u t r i e n ts  l i m i t a t i o n  was not responsible  fo r  the lower biomass in summer 
1986. Other f ac to rs  such as l i g h t  or temperature may be involved in 
causing the higher biomass in summer 1987•
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There were some d i f f e r e n c e s  between the t u r b i d i t y  maximum zone and 
the locat ion  of maximum phytoplankton biomass observed in the James River  
estuary (F ig .  18) .  The peak biomass in the San Francisco Bay was 
observed w i t h i n  the 3 “ 5 o/oo isoha l in e  and the d i s t r i b u t i o n  coincided  
w it h  that  of the t u r b i d i t y  maximum (Conomos and Peterson,  1977)* In the 
James River  estuary ,  the t u r b i d i t y  maximum occurs w i t h i n  the 0 .5  " 2 o/oo 
is oha l in e  ( F e u i l l e t  and F le is c h e r ,  1980) ,  wh i le  the phytoplankton peaks 
observed in t h i s  study always occurred in the very  low s a l i n i t y  region  
( less than 0 .5  0 / 00) .  R e l a t iv e  percentage t ransmissions measured during  
surveys of the James River  estuary show tha t  the t u r b i d i t y  maximum 
encompasses a much broader area,  extending downstream to approximately 8 
0 /0 0  is oha l ine  as shown in Appendix B. I f  hydrodynamic t rapping  is 
responsible  fo r  peak phytoplankton biomass in the James River  es tuary ,  
then an unanswered quest ion is why does phytoplankton biomass a lso not 
accumulate f u r th e r  downstream, a region where other  inorganic  suspended 
p a r t i c l e s  are  s t i l l  accumulating?
The d i s t r i b u t i o n  and abundance of  phytoplankton in an es tuary are  
determined by the b io lo g ic a l  processes in a dd i t io n  to the t ranspor t  
mechanism tha t  a f f e c t s  suspended sediments. In a d d i t io n  to behaving l i k e  
inorganic  p a r t i c l e s ,  phytoplankton c e l l s  also grow, d i v i d e ,  decompose or 
are consumed. Figure 19 shows th a t  peak phytoplankton biomass in the  
very low s a l i n i t y  region decreases very  r a p id ly  before  the approximately  
1.5 0 /00  is o h a l in e .  The chemical compositions of t o t a l  suspended matter  
also show rapid decrease in phytoplankton biomass w i t h i n  a narrow range 
of  s a l i n i t y .  Both decreased r a t i o  of p a r t i c u l a t e  b iogenic  s i l i c a  to POC 
and increased r a t i o  of  POC to chlorophy l l  a (Table h) in the 2 0 /00  
isoha l ine  region suggest tha t  high diatom biomass in the peak biomass
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F i g u r e  1 8 .  S u r f a c e  p h y t o p l a n k t o n  b i o m a s s  a n d  t o t a l  s u s p e n d e d  m a t t e r  f r o m
t h e  s u r f a c e  w a t e r  a l o n g  t h e  e s t u a r y  a x i s  o n  15 J u l y  1987 .
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Figure 19- Surface phytoplankton biomass versus s a l i n i t y  from the
sur face water  along the estuary axis  in October 1986.
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zone ( less than 0 .5  o/oo) decreases r a p i d l y  (Lorenzen, 1968 ; Eppley et  
a l . ,  1977; Paasche, 1980 ; Paasche and Ostergren,  1980) .  Percent  dry  
weights of  c h lorophy l l  a and p a r t i c u l a t e  b iogen ic  s i l i c a  in t o t a l  
suspended matter  decreased considerably  w i t h i n  a narrow range of s a l i n i t y  
(Table 5) •
The p hys io lo g ic a l  s t a t e  of  phytoplankton (degree o f  hea l th  or 
senescence) in the peak biomass zone was d i f f e r e n t  from th a t  in the 2 
0 /0 0  is o ha l in e  reg ion.  The r e l a t i v e l y  low r a t i o s  of POC to PON and 
r e l a t i v e l y  high r a t i o s  of ch lo rophy l l  a to phaeopigments in the peak 
biomass zone compared to the r a t i o s  in the 2 0 /0 0  is o h a l in e  region (Table 
k)  in d ic a te  th a t  phytoplankton in the peak biomass zone a re  in b e t t e r  
phys io log ical  c o n d i t io n .  The atomic r a t i o  of POC to PON, and the r a t i o  
of ch lorophy l l  a to phaeopigments are i n d i c a t i v e  of phytoplankton h ea l t h .  
The r a t i o  of POC to PON fo r  hea l thy  growing phytoplankton is known to be
close to 6 .6  (the R ed f ie ld  r a t i o ,  R e d f ie ld ,  1958) ,  w h i l e  the r a t i o
increase fo r  the phytoplankton growing in poor c o n d i t i o n .  The r a t i o  of  
f luorescence  values befo re  a c i d i f i c a t i o n  (Rb) to  f luorescence a f t e r  
a c i d i f i c a t i o n  (Ra) in pure ch lorophy l l  a is known to be 2 .2  (Holm-Hansen 
et  a l . ,  1985) *  The r a t i o  is usu a l l y  g r e a te r  than 1.7 f o r  heal thy growing 
phytoplankton,  w h i le  e x t r a c ts  of  marine muds and crustaceans y i e l d  the 
values of around 1.0 (Yentsch and Menzel,  1983)-  Phytoplankton w i th  a 
lower ra tes  of Rb to Ra have more decomposit ion products of c h l o r o p l a s t i c  
pigments (Yentsch and Menzel,  1983) - T h e r e fo r e ,  the lower r a t i o s  of POC 
to PON w i l l  be r e l a t e d  to the h igher r a t i o s  of Rb to Ra. As shown in
Figure 20,  the r a t i o  of  Rb to Ra is invers e ly  r e l a t e d  to  the r a t i o  of POC
to PON (n = 23. r  = - 0 . 6 6 0 0 ) .  As the r a t i o  of POC to PON increases,  the 
r a t i o  of Rb to Ra decreases.  Increased r a t i o s  of  POC to PON in the 2
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Figure 20.  The r e l a t i o n s h i p  between the r a t i o  of  f luorescence values  
before  a c i d i f i c a t i o n  to f luorescence a f t e r  a c i d i f i c a t i o n  o f  e x t r a c t s  
(Rb/Ra) and the r a t i o  of  p a r t i c u l a t e  organic  carbon to n i t ro gen  
(P0C/P0N).
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o/oo isoha l i n e  region compared to the r a t i o  in the peak biomass zone 
in d ic a te  th a t  decomposition of organic  n i t rogen  in p h y t o -d e t r i tu s  is 
f a s t e r  than organic  carbon.
Several hypotheses have been suggested to account fo r  the rapid  
decrease of  high phytoplankton biomass in the very  low s a l i n i t y  region.  
These include:  (1) an increase in suspended sediment a t t r i b u t a b l e  to the 
t u r b i d i t y  maximum, which by decreasing l i g h t  pene tr a t io n  causes a 
decrease in biomass (Sharp e t  a l . ,  1982; Pennock, 1983) ;  (2) an increase  
in f l o c c u l a t i o n  r e s u l t i n g  in an increased sedimentat ion of  phytoplankton  
together  w i t h  sediments (Avnimelech e t  a l . ,  1982; Edzwald e t  a l . ,  197^);  
and, (3) a mass m o r t a l i t y  r e s u l t in g  from the osmotic s tre ss  placed on 
f reshwater  halophobic phytoplankton (Morris  e t  a l . ,  1978; 1982; F i la rd o  
and Dunstan, 1985) •
The i n i t i a l  decrease in phytoplankton biomass in the Delaware 
estuary was a t t r i b u t e d  to an Tncrease in suspended sediment in the low 
s a l i n i t y  region (Sharp e t  a l . ,  1982; Pennock, 1983) -  Undoubtedly, the  
decreasing l i g h t  p ene tr a t io n  associated wi th  the t u r b i d i t y  maximum 
r e s t r i c t s  the amounts of photosynthesis which can occur by l i m i t i n g  the 
photic  zone. Peterson and Festa (1984) a t t r i b u t e d  the d e c l in e  of  
phytoplankton biomass in the northern San Francisco Bay dur ing per iods of  
high r i v e r  discharge to the l i g h t  1i m i ta t i o n  caused by a high 
concentra t ion  of suspended sediment.  However, i t  is quest ionab le  whether  
or not the t u r b i d i t y  maximum is responsible  fo r  the i n i t i a l  decrease in 
biomass. High phytoplankton biomass occurred in July  1986 and August 
1987 a t  Hopewell c i t y  (Fig .  6) ,  where the t u r b i d i t y  was r e l a t i v e l y  strong  
over the durat ion  of the study (F ig .  3 ) *  The same physical  processes 
which are responsible  fo r  the formation of  the t u r b i d i t y  maximum also
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serve to readvect phytoplankton from deeper waters  into the euphot ic zone 
(Arthur and B a l l ,  19 8 1; Cloern e t  a l . ,  1983; Anderson, 1986) .
Mutual f l o c c u l a t i o n  of a lgae and c o l l o i d a l  p a r t i c l e s  may cause the 
i n i t i a l  decrease in biomass through increased s e t t l i n g .  Clay m in era ls ,  a 
large f r a c t i o n  of c o l l o i d a l  p a r t i c l e s ,  car ry  an e l e c t r i c a l  charge,  which 
is usu a l ly  negat ive in natura l  wa te rs .  In f res hwate rs ,  re p u l s iv e  forces  
between the n eg a t ive ly  charged p a r t i c l e s  dominate, r e s u l t i n g  in a s ta b le  
suspension. In s a l i n e  waters ,  net  i n t e r p a r t i c l e  forces become a t t r a c t i v e  
and p a r t i c l e s  tha t  c o l l i d e  tend to c l i n g  to each other  to  form f lo e s  
(Edzwald e t  a l . ,  197*0. Avnimelech e t  a l .  (1982) presented evidence tha t  
Anabaena sp . Ch1amydomonas sp and C h l o r e l l a  sp begin to aggregate wi th  
clay p a r t i c l e s  a t  s a l i n i t i e s  g rea ter  than 1.5 o /oo.  I t  is doubtful  tha t  
f l o c c u l a t i o n  may c o n t r ib u te  h ea v i ly  to the i n i t i a l  decrease in biomass 
w i t h in  the 0 - 2  o/oo mixing segment of  the James River  es tuary .
Moreover, the enhanced s inking ra tes  of  phytoplankton w i th  a t t ach in g  
grains may c lo se ly  balance upward adv ec t ive  f lo w  in the nu l l  zone, and 
thus the phytoplankton could comprise the peak biomass.
Evidence from the Tamar estuary (Morris e t  a l . ,  1978; 1982) and the 
James River  estuary (F i la r do  and Dunstan, 1985) ,  which suggests t h a t  a 
mass m o r t a l i t y  of  f reshwater halophobic phytoplankton occurs in a narrow 
range of  s a l i n i t y ,  is the most promising mechanism responsible  fo r  the 
i n i t i a l  d ec l in e  of biomass in the very  low s a l i n i t y  re g io n .  Morr is  et  
al . ( 1978) reported t h a t  the mass m o r t a l i t y  r e s u l t s  in a continuous  
plasmoly t ic  re lease  of e a s i l y  degradable  d issolved organic  m a t e r i a l .  
Anderson (1986) c a lc u la ted  c e l l  quotas in the Rappahannock River  estuary  
by d iv id in g  the b iogenic  s i l i c a  concen trat ion  measured f o r  a sample by 
the dens i ty  of  diatoms determined by count ing: The abnormally high value
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in the low s a l i n i t y  p o r t io n  (w i th in  0 -  5 o/oo mixing segment) in d icates  
t h a t - diatomaceous s i l i c a  is present  in the water column in a form which 
could not be recognized under the microscope as whole c e l l s .  The 
f ragmented diatom f r u s t u l e s  in the water column are  probably a r e s u l t  of  
mass m o r t a l i t y  of  f reshwater  diatoms tha t  were incapable of w i thstand ing  
the sudden osmotic s tress  r e s u l t i n g  from being advected into  the es tuary .
Many studies demonstrate t h a t  euryhal ine  microalgae can t o l e r a t e  
wide ranges of  s a l i n i t i e s  in la bor atory  exper iments.  For example,
Thai ass i os i ra sp can t o l e r a t e  from 2.5  to 35 o/oo (Mclachlan, 1961),
0 1 i thodi scus sp from 3 to 33 o/oo (Tomas, 1978) , Cryptomonas sp from 3*5 
to  52 o/oo (Liu and H e l le b u s t ,  1978) and Nannoch1 o r i s  sp from 3 to 300% 
a r t i f i c i a l  seawater (Brown, 1982) .  I t  seems somewhat of  a paradox tha t  
many phytoplankton species can grow w i t h in  a r e l a t i v e l y  wide range of  
s a l i n i t y  in c u l t u r e ,  w h i l e  they have a very  narrow range of  s a l i n i t y  fo r  
s u r v iv a l  in na tu re .  However, laboratory  studies which employ batch 
c u l t u r e  and s in g le  s a l i n i t y  change may not be acceptable  analogs of  the  
nat ura l  system when consider ing osmotic s t r e s s .  F i l a r d o  and Dunstan
( 1985) indicated that  the absolute  percentage of f reshwater  phytoplankton  
t h a t  surv ive  in more s a l i n e  water becomes small w i t h  decreasing r i v e r  
discharge ,  because the time i t  is exposed to a repeated osmotic stress  
becomes long. I t  was suggested that  the r a te  of  change of  s a l i n i t y ,  the 
t ime associated wi th  the osmotic s tress ,  and/or the exposure to  a 
repeated osmotic stress are  more s i g n i f i c a n t  f a c to r s  in determining a 
c e l l ' s  survival  than the magnitude of the s a l i n i t y  change.
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4-3  Nutr ien ts
The occurrence of  the peak phytoplankton biomass and s e l e c t i v e  
t rapp ing  of diatoms in the very  low s a l i n i t y  region during summer and 
f a l l ,  and disappearance of the peak biomass during w in te r  and spring  
a f f e c t  the d i s t r i b u t i o n  pat te rns  of n u t r i e n ts  along the estuary ax is .
Dissolved S i 1icat e
When the peak biomass did not occur,  high concent rat ion  of  dissolved  
s i l i c a t e  in the f reshwater  zone decreased s t e a d i l y  down-estuary u n t i l  the 
lowest concentra t ion  was achieved in the most s a l i n e  water near the  
estuary mouth (F ig .  13) .  However, during the per iods t h a t  the peak 
biomass occurred in the very low s a l i n i t y  region,  there  was almost  
complete removal of d issolved s i l i c a t e  w i t h i n  t h i s  zone and then increase  
in concentrat ion wi th  s a l i n i t y  in the mesohaline region (wi th in  the 0 .5  -  
10 o/oo mixing segments), in d ic a t in g  that  there  is an input source w i th in  
the es tuary .  A s i m i l a r  d i s t r i b u t i o n  p a t te rn  of d issolved s i l i c a t e  in the  
mesohaline region was a lso observed in other  e s t u a r ie s .  D 'E l i a  e t  a l .
( 1983) reported increased concentrat ions of d issolved s i l i c a t e  w i t h in  the 
2 - 1 0  0 /0 0  mixing segment of the Patuxent River  during summer. Anderson
( 1986) observed t h a t  the increase in the concent rat ion  in the 
Rappahannock River occurs above the 5 0 /00  is o ha l in e .  Apparent resupply  
was c a lc u la te d  to be never less than 50$ of  the inf lowing  r i v e r i n e  supply 
and o f t en  exceeded 80%.
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P a r t i c u l a t e  b iogenic  s i l i c a  le v e ls  in the peak biomass zone were 
less than 20 umole/L (Table 3)« w h i l e  the in f lo w in g  r i v e r i n e  d issolved  
s i l i c a t e  concen trat ion  was much higher  (approximately  150 umole /L ) .  Thus 
production of p a r t i c u l a t e  b iogenic  s i l i c a  d id  not balance the in fe r r ed  
uptake of  d issolved s i l i c a t e ,  i n d i c a t i n g  th a t  a s i g n i f i c a n t  p o r t i o n  of 
the r i v e r i n e  d issolved s i l i c a t e  may be removed from the water column by 
depos i t ion  of p a r t i c u l a t e  b iogen ic  s i l i c a  to the sediments or f lushed out  
of the very  low s a l i n i t y  region a f t e r  being taken up by small diatoms 
which could not be trapped w i t h i n  t h i s  zone due to r e l a t i v e l y  low 
densi t i e s .
The deposi ted p a r t i c u l a t e  s i l i c a  may be re suppl ied  to the water  
column through re genera t io n .  In July  1986 when peak phytoplankton  
biomass occurred in the very  low s a l i n i t y  reg io n ,  d isso lved  s i l i c a t e  
concen trat ion  in bottom water was higher than t h a t  a t  the sur face (Table 
7) ,  suggesting th a t  d issolved s i l i c a t e  is resu ppl ie d  to the water  column 
from sediment.  In February 1987 when the peak biomass d id  not occur,  the 
concen trat ion  a t  the surface was h ig h er .
Some environmental  fa c to r s  a f f e c t i n g  the s i l i c i c  acid  regenerat ion  
from the e s tu ar in e  sediment was repor ted  by Yamada and D ' E l i a  (1984 ) .
They ind icated  tha t  a s ub s ta n t i a l  e f f e c t  on the e f f l u x  o f  d issolved  
s i l i c a t e  is caused by the dep o s i t io n  r a t e  of  b iogenic  m a te r ia l  to the 
sediment sur face ,  the s a l i n i t y  of  the o v e r ly in g  water and the ambient  
temperature .  The re lease  r a t e  of  d issolved s i l i c a t e  was independent of 
oxygen concen trat ion  of  o v e r ly in g  water but was d i r e c t l y  pro port io na l  to 
the amount of p a r t i c u l a t e  b io gen ic  s i l i c a  app l ied  to the cores. This  
suggests th a t  d issolved s i l i c a t e  re gen er at io n  depends more s t ro n g ly  on 
recent  depos i t ion  ra te s  of the b io gen ic  s i l i c a  to the surface sediments
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than on s i l i c a t e  d i s s o l u t i o n  r a t e  in o l d e r ,  deeper sediments.  When 
f r e s h l y  deposi ted biogenic  s i l i c a  was incubated a t  va r io us  temperatures,  
e f f l u x  of  d issolved s i l i c a t e  in to  the water  was low a t  temperature below 
15°C, but increased r a p i d l y  and e x p o n e n t i a l l y  above 15°C. S a l i n i t y  had a 
marked e f f e c t  on d issolved  s i l i c a t e  re le ase  from the sediment cores.
This  re lease  d id  not vary  i n . d i r e c t  p ro p o r t i on  to  the s a l i n i t y ,  but  
instead was low a t  s a l i n i t i e s  below 10 o /o o ,  a c c e le ra te d  r a p i d l y  wi th  
s a l i n i t y  in the 10 to 20 o/oo range, and was high and r e l a t i v e l y  constant  
above 20 o /oo .
Consequently the h ighest  r a te s  of  re g en er a t io n  of  d isso lved  s i l i c a t e  
would be expected in the mesohal ine regions of  the es tu ary ,  dur ing the  
warm months, and j u s t  a f t e r  the per iod  o f  maximum diatom abundance.
During summer and f a l l ,  when temperatures and diatom biomass are  high,  
the d is s o lu t io n  ra te  in the mesohal ine regions w i l l  be h igh.
Longi tudinal  t ransec ts  of  the estuary show t y p i c a l  summer and f a l l  
p r o f i l e s  of  d issolved s i l i c a t e  (F ig .  17 ) .  Incoming r i v e r  water  has a 
hig h ly  d issolved s i l i c a t e  c on c en t ra t io n .  There is a peak phytoplankton  
biomass in the very  low s a l i n i t y  region and the d isso lv ed  s i l i c a t e  
concentrat ions become depleted c o inc id e n t  w i t h  the high diatom abundance.  
The dissolved s i l i c a t e  is resuppl ied  in the mesohal ine regions.
In a d d i t io n  to regen er at io n  of  d isso lved  s i l i c a t e  from sediment,  
regenerat ion  can occur in the water column. R e l a t i v e l y  high 
concentra t ions of  p a r t i c u l a t e  b iogen ic  s i l i c a  and the presence of  
fragmented diatom f r u s t u l e s  (Anderson, 1986) in the water column adjacent  
to the pos i t io n  of maximum phytoplankton biomass impl ied th a t  the  
disso lved  s i l i c a t e  can be r em in er a l i zed  r a p i d l y  in the water column by 
the t r a n s i t i o n  from a f resh  to a more s a l i n e  environment .
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R e l a t i v e l y  long residence t ime, dur ing summer and f a l l  when r i v e r  
discharge was low, may provide time f o r  regen er at io n  of  d issolved  
s i l i c a t e  to occur both in the sediment and water  column, and to a l low  the  
accumulat ion w i t h i n  the e s tu a r y .  D e s t r a t i f i c a t i o n  of  the water column 
dur ing spr ing  t i d e  (Hass, 1977) .  in a d d i t i o n  to d i f f u s i o n  and t i d a l  
tu rbu lence ,  may r e d i s t r i b u t e  the regenerated s i l i c a t e  from the sediment  
or the deep water i n t o  the euphotic  zone.
N i t r a t e
The d i s t r i b u t i o n  p a t te r n  of  n i t r a t e  plus n i t r i t e  ( h e r e i n a f t e r  
r e f e r r e d  to as n i t r a t e )  from the surface  water a long the estuary axis  
shows apparent input  s ig na ls  w i t h i n  the estuary re gardless of  the  
occurrence o f  the c h 1orophy11 peak in the very  low s a l i n i t y  reg io n .  The 
n i t r a t e  c oncent ra t io n  was increased w i t h i n  the 0 -  0 . 3  o/oo mixing  
segment dur ing  summer and autumn when the peak biomass occurred in the  
very  low s a l i n i t y  re g io n ,  and w i t h i n  the 0 -  3 -0  o/oo mixing segment when 
the peak biomass did  not occur in w i n t e r  and spr ing (F ig .  11+) . There are  
several  p o s s i b i l i t i e s  which may cause t h i s .
Loder and Reichard (1981) demonstrated th a t  mixing curves th a t  are  
not l i n e a r  -  g e n e r a l l y  in t e r p r e t e d  as i n d i c a t i v e  of  non-conservat ive  
behavior  ( i n te r n a l  sources or sinks)  -  may be generated simply by 
temporal v a r i a t i o n s  in the end member concen trat ions  when the 
c oncent ra t io n  is h ig h ly  v a r i a b l e  compared to  the e s t u a r y 's  f lu s h in g  t ime.  
I t  was noted th a t  the use of  mix ing curves f o r  the e s t u a r in e  processes 
must be undertaken w i t h  an understanding of  the r i v e r  and ocean 
concent rate  v a r i a b i l i t y  and i t s  r e l a t i o n s h i p  to  the estuary mixing
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p r o p e r t i e s  and f lu s h in g  t ime.  There is a p o s s i b i l i t y  th a t  the apparent  
input  s ig na ls  of n i t r a t e  in t h i s  study may be a r e s u l t  of  the v a r i a b i l i t y  
of  the r i v e r  end concent ra t io n .
Another p o s s i b i l i t y  which may cause the increase in n i t r a t e  
c oncent ra t io n  is n i t r i f i c a t i o n  in the water column and/or sediment.
Cerco (1981) repor ted  the exis tence  of n i t r i f y i n g  b a t e r i a  both in the  
water  column and sediment in the upper t i d a l  James River  estuary  
i nc lud ing  Richmond (157 km upstream from NNS), F a l l i n g  Creek (148 km 
upstream) and Hopewell c i t y  (110 km upstream).  High n i t r a t e  
con cen t ra t io n  in t h i s  area was a t t r i b u t e d  to the n i t r i f i c a t i o n .  The 
increase in n i t r a t e  concen trat ion  in the very  low s a l i n i t y  region of the 
James River  estuary (between 80 to 110 km upstream) may be a r e s u l t  of  
n i t r i f i c a t i o n  of  ammonia discharged from Hopewell c i t y .  The increase in 
n i t r a t e  con cent ra t io n  in the very  low s a l i n i t y  of the Delaware estuary  
dur ing summer and f a l l  was a lso a t t r i b u t e d  to n i t r i f i c a t i o n  (Nixon and 
Pi Ison, 1983) .  Rapid ammonia removal was well  matched wi th  the increase  
in n i t r a t e  concentrat ion  w i t h in  the same zone. Boynton e t  a l .  {1980) 
i n d ic a ted  th a t  f lu x e s  across the sediment -  water i n t e r f a c e  re present  an 
important n u t r i e n t  source to the water  column in summer when 
photo syn the t ic  demand is high in the tu r b id  p o rt ion  of the Patuxent  
e s tu a r y .  D e n i t r i f i c a t i o n  is u su a l l y  considered to be n e g l i g i b l e  in the 
water  column except  under condi t ions  of  e levated  organic  carbon and/or  
extreme oxygen d e p le t io n  (Kessel,  1977) - R e l a t i v e l y  low con cen trat ion  in 
the very  low s a l i n i t y  region dur ing w in te r  and spr ing compared to the  
concent ra t io n  dur ing summer and f a l l  (F ig .  14) is thought to be a r e s u l t  
of  d i l u t i o n  of ammonia by increas ing  r i v e r  d ischarge.
Rapid decrease of n i t r a t e  w i t h i n  the 0 . 3  " 6 .0  0 /0 0  mixing segment
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during summer and autumn (Appendix G) is p r o b a l l y  a r e s u l t  of  removal by 
high phytoplankton biomass in the very  low s a l i n i t y  region (w i t h in  the 0 
-  0 . 5  0 /0 0  mixing segment).  During w in te r  and spr ing,  the concen t ra t ion  
increased u n t i l  the 3«0 0 /0 0  i s o h a l in e  and then decreased s t e a d i l y  down- 
estuary  where the lowest concent ra t io n  was achieved a t  NNS. Above the  
6 .0  0 /00  is o ha l in e  l e v e l s ,  n i t r a t e  was mixed c on s e rv a t iv e ly  w i thout  
regard to the occurrence of the peak biomass in the very  low s a l i n i t y  
reg ion,  in d ic a t in g  t h a t  any growth of phytoplankton in the lower estuary  
is supported by r e m i n e r a l i z a t i o n  of d isso lved  organic  n i t ro gen  or by 
inputs from the sediment.
Autot rophic  product ion in the very  low s a l i n i t y  region may 
i n d i r e c t l y  re g u la te  the onset of  the spr ing bloom a t  NNS by c o n t r o l l i n g  
the amount of  n u t r i e n t s  a v a i l a b l e .  During w in te r  and spr ing when peak 
phytoplankton biomass did  not occur in the very  low s a l i n i t y  reg ion,  the 
n i t r a t e  concent ra t io n  a t  NNS was r e l a t i v e l y  high (Appendix G ) . The 
spr ing bloom in February 1987 (Appendix C) occurred during the per iod of  
high n i t r a t e  concen t ra t ion  a t  NNS. U n l ik e  the s i t u a t i o n  in the low 
s a l i n i t y  reg ion,  the concent rat ions of d isso lved  s i l i c a t e  and phosphate 
a t  NNS v a r ie d  l i t t l e  w i th  regard to the occurrence of the ch lo rophy l l  
peak.
Phosphate
The behavior  of  d isso lved  inorganic  phosphate over the du ra t io n  of  
the study was g e n e r a l ly  s i m i l a r  to the p a t te rn  of d issolved  s i l i c a t e  
(Appendix G) . When peak phytoplankton biomass occurred in the very low 
s a l i n i t y  reg ion,  most of  the r i v e r i n e  phosphate supply was removed w i t h i n
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t h i s  zone, and then regenerated w i t h i n  the 0 .5  -  15 o /oo mixing segment.
The i n i t i a l  removal of  phosphate in the very  low s a l i n i t y  region  
during summer and f a l l  is probably due to  b i o l o g i c a l  uptake,  because high 
phytoplankton biomass and dis so lved  s i l i c a t e  removal were observed in the  
same reg ion.  The b u f f e r i n g  processes repor ted by Sharp e t  a l .  (1982) in 
the Delaware estuary and the removal by adsorp t ion  of  phosphate from the  
s o l u t io n  onto s o l id  phase (L iss ,  1972) does not seem to be r e l a t e d  to the  
i n i t i a l  decrease in phosphate c o n c en t ra t io n .
The p o s i t i v e  r e l a t i o n s h i p  of phosphate w i th  s a l i n i t y  in the  
mesohaline region dur ing summer and f a l l ,  a f t e r  removal in the very  low 
s a l i n i t y  re g io n ,  in d ic a tes  t h a t  the re  is a source w i t h i n  the estuary  
resupply ing the phosphate to the water  column. A s i m i l a r  p a t t e r n  was 
observed in the Ochlockonee Bay dur ing  spr ing by Kaul and F ro e l ic h
(1984) .  Input  may be a r e s u l t  of regen er at io n  of organic-phosphate  which 
was deposi ted on the sediment dur ing  the previous p er io d .  R e l a t i v e l y  
long residence t ime,  dur ing summer and f a l l  when r i v e r  f low was low, may 
provide t ime for  re gener at ion  to occur and a l lo w  the accumulat ion w i t h i n  
the e s tu ary .
The r a t i o  of n i t r a t e  to phosphate c on cen t ra t io n  in the in f lowing  
r i v e r  was less than 5:1 (Appendix G ) , which is much lower than the  
R edf ie ld  r a t i o  of 16 :1 .  The r e l a t i v e l y  low r a t i o  impl ies th a t  n i t r a t e  is 
the c r i t i c a l  l i m i t i n g  f a c t o r  to phytoplankton growth and e u t r o p h ic a t  ion 
in the James River  estuary and adjac en t  coasta l  w a te r ,  as mentioned by 
Ryther and Dunstan (1971) in the Long Is land Bays. However, the n i t r a t e  
concen trat ion  in the very  low s a l i n i t y  region of  the James River  estuary  
was increased w i thout  regard to the occurrence of  the peak biomass. This  
suggests t h a t  n i t r a t e  is not l i m i t e d  in the peak biomass zone and
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phytoplankton p r e f e r e n t i a l l y  uptake ammonia which may be present  a t  high 
c on c en t ra t io n  due to waste d ischarged from Hopewell c i t y .  As a matt er  of  
f a c t ,  the data  in d i c a t e  t h a t  phosphate and d isso lved  s i l i c a t e  were more 
l i k e l y  the l i m i t i n g  f a c t o r s  in the peak biomass zone (Appendix G ) .
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b - h  Shoal E f f e c t
Suisan Bay is a shal low and expansive embayment in northern San 
Francisco Bay. Summer maxima in t o t a l  suspended p a r t i c u l a t e  matter  
(Conomos and Peterson,  1977) and phytoplankton biomass (Arthur and B a l l ,  
1981) o f ten  occur in t h i s  re g io n .  The f low over the shoals is known to 
be weaker than in the channel (Walters and Cheng, 1979)-  This probably  
al lows phytoplankton to  accumulate in the shoal areas.
Cloern and Cheng (19 8 1) f e l t  tha t  phytoplankton in the channel are  
sev ere ly  l im i te d  by low l i g h t  a v a i l a b i l i t y  and growth ra tes  are  low, 
w hi le  phytoplankton in the l a t e r a l  shoals grow r a p i d l y .  They fu r th e r  
s ta ted  th a t  the maximum phytoplankton biomass in the channel occurs when 
phytoplankton c e l l s  produced in the shoals are  coupled (by l a t e r a l  
dispersion)  wi th  the t u r b i d i t y  maximum zone of  the Suisun Bay, where the 
diatoms produced in the shoals are  t rapped. Because the t u r b i d i t y  
maximum zone is dependent on r i v e r  d ischarge,  they ind icated th a t  the 
maximum phytoplankton biomass occurs only when r i v e r  discharge f a l l s  
w i t h i n  a c r i t i c a l  range t h a t  p o s i t io n s  the t u r b i d i t y  maximum 2one 
adjacent  to the product ive shallow Suisun Bay. Cloern et  a l . ( 1983)
I
showed tha t  phytoplankton biomass during summers with  normal r i v e r  
discharge is g e n e r a l l y  h igher in the l a t e r a l  shoals than in the channel 
of the Suisun Bay and a local  ch lo rophy l l  maximum is present  in the 
channel adjacent  to the shal lows .  However, dur ing drought , phytoplankton  
biomass was g r e a t l y  reduced throughout the channel of the Suisun Bay, 
although ch lorophy l l  concen trat ion  was s t i l l  higher in the shoals than in
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the channel .
The la rg es t  area of  shal low shoals in the James R iver  estuary  is 
located near the mouth of the Chickahominy River  (F ig .  1 ) ,  approximately  
65 km upstream from NNS. However, the peak phytoplankton biomass 
occurred f u r t h e r  upstream between 89 and 103 km from NNS (Table 1 ) ,  where 
the shoals are  very  narrow. In the h igh ly  product ive shal low shoals of  
Suisan Bay (northern Sanfrancisco Bay),  n e t r i t i c  diatoms ( p r i m a r i l y  
dominated by Thai ass ios i ra eccentr  i ca and Skeletonema costatum) are  
produced, t ranspor ted  to the main channel ,  and trapped in the t u r b i d i t y  
maximum zone. Peak phytoplankton biomass in the nor thern  San Francisco  
Bay is comprised of  more than 80% of  the n e r i t i c  d iatoms.  In c o n t r a s t ,  
the major source c o n t r i b u t i n g  to the peak biomass in the very  low 
s a l i n i t y  region of  the James River  estuary is f reshwate r  product ion.  
Freshwater species of diatoms such as Melosi ra sp and C y c l o t e l l a  sp are  
repor ted  as major component in the very  low s a l i n i t y  region ( F i l a r d o  and 
Ounstan, 1985) -  A sample se lected  from the peak biomass zone in June 
1987 showed f reshwater  forms of diatoms having h ea v i ly  s i l i c i f i e d  
f r u s t u l e s  as the major component. The diatoms were removed in s a l i n i t i e s  
of 1 .5  0 /0 0  (F ig .  19) ,  probably due to the osmotic s tress  encountered by 
the c e l l s  upon advect ion in to  the es tu ary .  T h ere for e ,  the importance of  
shoals fo r  causing the peak phytoplankton biomass in the James River  
estuary  is d i f f e r e n t  from t h a t  in the northern San Francisco Bay.
Phytoplankton biomass between the l a t e r a l  shoals and channel near  
the p o s i t io n  where the peak phytoplankton biomass occurred in the main 
channel was determined cont inuously  by j_n v ivo  f luorescence measurement 
dur ing the t ime of s lack t i d e  on 19 June 1987- The r e s u l t s  show a 
p a t t e r n  d i f f e r e n t  from the case Of the northern San Francisco Bay (F ig .
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Figure 21.  Phytoplankton biomass between the l a t e r a l  shoals and channel 
during the time of  s lack t i d e  near the p o s i t i o n  where the peak biomass 
occurred on 19 June 19 87 •
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2 1 ) .  The biomass in the l a t e r a l  shoals was much lower than in the 
channel .  The ex t rac ted  c h l orophy l l  a c on cen t ra t io n  in the channel was 
a lso  higher  than in l a t e r a l  shoa ls .  The r a t i o  of  f luoresce nce  values  
befo re  a c i d i f i c a t i o n  to  f luoresce nce  a f t e r  a c i d i f i c a t i o n  was r e l a t i v e l y  
nigh in both channel (1.84)  and shoals ( 1 . 82) ,  suggest ing th a t  
phytoplankton in both zones are  in good phys io lo g ic a l  c o n d i t i o n .  The 
l a t e r a l  g ra dien ts  of  biomass between the channel and shoals determined  
near the most expansive shoals,  the mouth of  the Chickahominy River  (F ig .
22) ,  a lso showed lower biomass in l a t e r a l  shoals than in the channel .  
T h ere fo r e ,  the peak biomass in the channel of  the James River
estuary  does not appear to  be caused by the t ran s p o r t  from l a t e r a l  shoals  
as reported fo r  the northern San Francisco Bay.
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Figure 22. Phytoplankton biomass between the l a t e r a l  shoals and channel  
during the t ime of s lack t i d e  near the most expansive shoals on 19 June 
1987.
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During summer and f a l l  when r i v e r  d ischarge was less than 120 
m^sec'1, the re  was a peak phytoplankton biomass in the very  low s a l i n i t y  
region ( less than 0 .5  o / o o ) ,  and t h i s  peak represented f i v e  to ten times 
gre a ter  biomass than adjacent  water f u r t h e r  up and downstream. The peak 
biomass was hypothesized to be caused by hydrodynamic t rapp ing  (the same 
mechanism involved in the format ion of  the t u r b i d i t y  maximum) and by 
increased phytoplankton residence t ime during per iods of  low r i v e r  
discharge.  I t  was a lso hypothesized th a t  diatoms are s e l e c t i v e l y  trapped 
in the t u r b i d i t y  maximum zone because t h e i r  r e l a t i v e l y  high s inking  rates  
c lo se ly  balance the net  upward v e r t i c a l  water v e l o c i t y  in the nul l  zone.  
As r i v e r  d ischarge increased dur ing w in te r  and spr ing,  the peak biomass 
di sappeared.
In a d d i t io n  to the above f a c t s ,  t h i s  research provided the fo l lo win g  
new informat ion:
1. The peak biomass occurs independent of the t i d a l  s ta te  and the 
locat ion  of  n u t r i e n t  inputs .
2. The concentrat ion  and the width of  the peak biomass decrease wi th  
increasing r i v e r  d ischarge when r i v e r  d ischarge is less than 120 m^sec'1 .
3. N u t r i e n t  l i m i t a t i o n  is not responsible  fo r  the low biomass in the 
very low s a l i n i t y  region during the months of w in te r  and 'spr ing ,
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in d ic a t in g  th a t  p h ys ic a l ,  not chemical ,  fa c to r s  are  c o n t r o l l i n g  the 
abundance w i t h i n  t h is  zone.
4. During low r i v e r  d ischarge,  c lose balance of diatom sinking ra tes  
wi th  the net upward water v e r t i c a l  v e l o c i t y ,  r e l a t i v e l y  high netplankton  
biomass, exhaustion of d issolved s i l i c a t e ,  r e l a t i v e l y  high r a t i o  of  
p a r t i c u l a t e  b iogenic  s i l i c a  to POC and r e l a t i v e l y  low r a t i o  of POC to 
chlorophyl l  a in the very  low s a l i n i t y  region in d ic a te  th a t  diatoms are  
s e l e c t i v e l y  trapped w i t h i n  t h i s  zone.
5 .  As r i v e r  d ischarge increases during w in te r  and spr in g ,  the magnitude 
of the t u r b i d i t y  maximum increases,  but the peak biomass disappears as a 
r e s u l t  of  decreased phytoplankton residence t ime, decreased s inking  ra tes  
of diatom due to increased water v i s c o s i t y  a t  low water temperature ,  and 
increased n e t - c i r c u l a t  ion which re qui res  la rg er  s e t t l i n g  v e l o c i t i e s  to 
develop the peak biomass in the t u r b i d i t y  maximum.
6 . There are some d i f f e r e n c e s  between the t u r b i d i t y  maximum zone and the 
lo ca t io n  of the peak biomass. High biomass decreases very  r a p id ly  before  
the 1.5 0 /00  is o h a l in e ,  w h i le  the t u r b i d i t y  maximum zone encompasses a 
much broader a rea .  Mass m o r t a l i t y  due to osmotic stress placed on 
f reshwater  phytoplankton appears to be the best  exp lanat ion  fo r  the rapid  
loss of biomass.
7. When peak biomass occurred in the very  low s a l i n i t y  region,  lower 
r a t i o s  of  POC to PON and higher r a t i o  of  ch lo rophy l l  a to phaeopigments 
in the peak biomass zone than in the 2 0 /0 0  is o ha l in e  region in d icate  
tha t  phytoplankton in the peak biomass zone are  in b e t t e r  physio log ical  
condi t i o n .
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8 . The p o s s i b i l i t y  tha t  high biomass in the channel may be caused by the 
t ranspor t  from shoals is improbable because the biomass in the shoals is 
much lower than in the channel.
9 . The occurrence of the peak biomass and s e l e c t i v e  t rapping of  diatoms 
in the very  low s a l i n i t y  region r e g u la te  the d i s t r i b u t i o n  p a t te rn  of  
n u t r i e n t s  in the estu ary .
1 0 . Dissolved s i l i c a t e  and phosphate are almost completely removed in 
the very  low s a l i n i t y  region when peak biomass occurs w i t h in  t h is  zone 
and they are  regenerated in the mesohaline region.
11 . Concentrations of n i t r a t e  plus n i t r i t e  increase w i t h i n  the 0 -  0 . 3  
0 /0 0  mixing segment when the peak biomass occurs, and increase w i th in  the 
0 -  J.O 0 /0 0  mixing segment when the peak biomass does not occur during  
periods of high r i v e r  f low.
12 . Autotrophic  product ion in the very  low s a l i n i t y  region may 
i n d i r e c t l y  regulate  the onset of the spr ing bloom in the down-estuary by 
c o n t r o l l i n g  the amount of n i t rogen a v a i l a b l e .
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Appendix A. Surface s a l i n i t y  a t  NNS, the lo c a t io n  o f  the 1 o/oo  
is o h a l in e  and average surface water  temperature ( “C) .
Date S (0 / 00) a t  NNS 1 0 /0 0  isohal ine(km) Temperature
J u l .86 2 3 . 0 75-7 29-5
O ct . 86 2 3 . 6 79.8 19.5
Nov. 86 - 72.1 -
Dec. 86 17 .8 52.1 7-fc
J a n .87 - - 5-0
Feb .87 15-3 35-9 14.8
Apr.87 2 .3 6 .2 13-4
Jun .87 - 60 .0 29.  k
J u l .87 20.6 73-2 29.6
Aug.87 2 5 . 0 78.0 2 8 . 8
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Appendix B. T u r b i d i t y  determined by r e l a t i v e  percentage transmission!
{%), l i g h t  e x t i n c t i o n  c o e f f i c i e n t  ( k * 1) and t o t a l  suspended matter  (TSM) 
from February through August 1987 (D = d is tance  from NNS, S = sur face  
water s a l i  ni t y ) .
February 27,  1987
0 (km) S (0/ 00) k (m'1)
TSM (mg/L) 
Surface Bottom
Transmi s s i o n (%) 
Surface Bottom
0 .8 15.32 1.86 25.8 42 .3 35-0  32 .0
13-9 7.70 2.66 29 .5 65 .3 25-0  27 .5
36.6 0 .78 7 - b 2 l k . 9 113.1 5 -3  3 -4
1*9.6 0 .02 6 .15 40-5 4 6 . 3 8 .0  7 .5
97-4 0 3.58 37-5 38.2 12.0 12.0
June 19, 1987
D (km) S (0/ 00) k (m_ x) TSM (mg/L)
Transmi 
' Surface
ss i on (%) 
Bottom
36.3 1.85 2.08 22.0 5-0
66.1 0.09 2 .50 - 18.0 5-0
88.6 0 3.38 - 16.0 1.0
105.4 0 3 .14 — 21.0 13.0
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Appendix B. Continued
July  15, 1987
D (km) S (0/ 00) k (n r1)
Surface TSM 
(mg/L)
Transmi ss i o n (%) 
Surface Bottom
0 20.58 1.30 14.1 42.0 31.0
29-3 7.68 1.69 19-7 38.0 37.0
49-7 2.36 2.06 22.7 27.0 5 .0
53-3 1.85 2.10 - 28.0 10.0
61,7 - 2 .30 17-9 27 .0 11.0
69.2 - 1.81 - 33-0 2 5 . 0
74.1 - 2 .12 19.6 30.0 25-0
75-1 0.50 2.20 18.6 32.0 25-0
98 .8 0.06 5 .9 9 41.0 10.0 11.0
August 12, 1987
Surface TSM Transmission (%)
D (km) S (0/ 00) k ( n r 1) (mg/L)
Surface Bottom
0 25.00 1.19 19.9 47.0 42.0
29-1 12.90 1.42 16.6 40 .0 11.0
49.2 - 2 .74 - 25.0 6 .0
61 .3 3.05 2.15 19.8 28.0 10.0
77-4 1.10 2.39 20.0 30.0 5 . 0
85 .9 0.30 3-30 - 19.0 15.0
102.9 0.06 3-99 37-9 9 .0 9 . 0
106.7 0 12.0 4 .0
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Appendix D. The r a t i o  of  p a r t i c u l a t e  organ ic  carbon (POC) to c h lorophy l l  
a (POC/chl.a)  from the sur face water along the est uary  a x i s .
July  25, 1986
D (km) S (0/ 00) POC/chl .a
0 .9 23-00 221*.6
30.t* 10.1*5 93 .2
51* . 6 1*. 31+ 128.5
6 9 .O 1.70 11*2 . 1*
99-1 0 .1 7 67 .5
February 27, 1987
0 (km) S (0/00) POC/chl .a
0 .8 15.32 1*8.9
13-9 7.70 180.5
2 8 . 1* - W 9 . 7
1*9.6 0.02 998 .8
Apr i l  1 , 1987
0 (km) S (0/00) POC/chl .a
33-9 0 .3 2 1*50.0
97-1* 0 181* . 6
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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A p p e n d i x  D .  C o n t i n u e d .
June 19, 1987
D (km) S (0/ 00) POC/chl .a
36-3 1.85 207 .6
3 8 .U - 257 .6
52 .0 - 168.3
66.1 0 .0 9 233.1
88 .6 0 68 .9
105.tr 0 6 3 .tr
July  15, 1987
D (km) S (0/00) POC/chl.a
29 .3 7 .68 237-1
* 9 - 7 2 .36 12tr. 1
61.7 - 109.9
74.1 - 107.9
98 .8 0 65-9
August 12, 1987
D (km) S (0/00) POC/chl.a
61.3 3.05 110.2
102.9 0 .0 6 51.2
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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APPENDIX E. SUMMARY OF CHLOROPHYLL -  PHAEOPIGMENTS.
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Appendix E. Acid r a t i o  of  f luorescence  values before  a c i d i f i c a t i o n  (Rb) 
to f luorescence a f t e r  a c i d i f i c a t i o n  (Ra) of  e x t r a c t s  from the surface  
water along the estuary a x is .
July  25, 1986





99-1 0 .1 7 1.89
October 25, 1986







46.3 8 .46 1-97









102.4 0 .1 5 1.89
106.8 — 1.87-
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
A p p e n d i x  E .  C o n t i n u t e d .
November 24,  1986
D (km) S (0/ 00) Rb/Ra
6 3 . 1* 1.87 1.61
73-1+ 0.87 1-59
81 .0 0.30 1.69
8 7 . 1* 0 .17 1.89
94.1 0.12 1.88
101.8 0 .1 0 1.81
107.3 0 1.69
December 20, 1986




32 .3 6.58 1.71
1*2.7 2.95 1.69
5 2 .5 O.87 1.31
62.0 0 .08 1.36
72.2 o.ol* 1.42
80 .9 - 1. 1*8
90 .5 - 1. 1*1*
99-7 0 1.79
106. 1* 0 1.38
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
14 4
A p p e n d ix  E. C o n t in u e d .
January 21, 1987








D (km) S (o/oo) Rb/Ra
0 .8 15-32 2.06
13-9 7 .7 0  • 1 .63
28.4 3-37 1.59
36.6 O.78 1.23
49.6 0 .0 2 1.26
97-4 0 1.60
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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A p p e n d i x  E .  C o n t i n u e d .
A p r i l  1, 1987
D (km) S (0/ 00) Rb/Ra
39-9 0.32 1. 1*6




9 7 - * - 1.73
A p r i l  21,  1987
D (km) S (0/ 00) Rb/Ra
0 2 .30 1.70
1*.8 1.78 1.80
8.9 0 . 1*8 1.65
12.0 0 . 21* 1.73
17.9 0.05 1.60
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
A p p e n d ix  E. C o n t in u e d .
June 19, 1987
D (km) S (0 / 00) Rb/Ra
36.3 1.85 1.83




8 .6 - 1.86
105.1* 0 1.90
July  15, 1987






61.7 - 2 .05
74.1 - 1.85
85.2 - 1.84
98.8 0 .0 6 1.91
Reproduced w ith permission o f the copyright owner. Further reproduction prohibited w ithout permission.
A p p e n d ix  E. C o n t in u e d .
August 12, 1987
D (km) S (0/ 00) Rb/Ra
0 25.00 1.76
9 .3 22.56 1.83
29.1 12.90 1.78
39-5 9 .30 1.91
55-0 A .5** 1.88
61.3 3.05 1.95
7 7 ^ 1.10 1.90
85.9 0 .3 0 1.92
102.9 0 .0 6 1.90
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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APPENDIX F. SUMMARY OF PARTICULATE ORGANIC MATTER.
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Appendix F. P a r t i c u l a t e  organic  carbon (POC) and n i t ro gen  (PON), 
p a r t i c u l a t e  b iogen ic  s i l i c a  (PBS) and the r a t i o  of  POC to PON by atom.
The u n i t  is ug/L.
July  25,  1986
D (km) S (0 / 00) PBS PON POC P0C/P0N
0 .9 23.00 _ 38.9 700.9 21.02
30.1* 10.1*5 - 121*. 2 1700.5 15.98
5^.6 4 . 31* - 56 .3 121*2.9 25.76
6 9 .O 1.70 - 71*.3 1290.2 20.25
99-1 0 .1 7 - 767.6 5577-1* 8 . 1*8
February 27, 1987
D (km) S (0 / 00) PBS PON POC POC/PON
0 .8 15.32 5 19 .0 179.1 21*36.1 15.87
13-9 7-70 6 .0 8 3 .O 2793.9 39.25
28 . 1* - - NO 11*75-0 -
36.6 0 .7 8 3-0 ND 3383.0 -
1*9-6 0 .0 2 3-0 ND 2157.5 —
Apri l  1, 1987
D (km) S (0 / 00) PBS PON POC POC/PON




Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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A p p e n d ix  F. C o n t in u e d .
June 19, 1987
D (km) S (0/ 00) PBS PON POC POC/PON
36-3 1.85 122.4 1696.3 16.17
3 8 . A - - 151 -2 2395-4 18.49
52.0 - - 126.5 1565-2 14.43
66.1 0 .09 - 66.0 1344.9 23-77
88.6 0 - 458.0 3999-8 10.19
105.4 0 - 419.9 3592.2 9 .98
July  15, 1987
D (km) S (0/ 00) PBS PON POC POC/PON
29.3 7.68 15.0 186.5 2676.5 16.75
49.7 2.36 27.6 188.4 2337-8 14.48
61.7 - 21.0 249.4 3515.6 16.45
74.1 - 33.6 238.4 3579-3 17.52
98.8 0 .0 6 1204.2 813.7 6439-4 9.23
August 12, 1987
D (km) S (0/ 00) PBS PON POC POC/PON
61.3 3.05 21.0 316.6 3466.5 12.77
102.9 0 .06 975-6 563.7 5574.6 11.54
Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.
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APPENDIX G. SUMMARY GRAPHS -  NUTRIENTS I .
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APPENDIX H. SUMMARY GRAPHS -  NUTRIENTS I
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APPENDIX I .  SINKING RATES OF DIATOMS.
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Appendix I .  Sinking ra tes  o f  a d iatom,  Melosi ra  sp, by using a Komar's 
equat ion fo r  c y l i n d r i c a l - s h a p e  p a r t i c l e s  (Komar, I 98O ) .
1 L - 1.6*+
w = 0 .0 7 9 0 *  -  * ( Ps -  P ) •  g • L3 • ( -  ) 
u 0
where w = s e t t l i n g  v e l o c i t y  (cm/sec) ,
u = c o e f f i c i e n t  of  dynamic v i s c o s i t y  (g /cm -sec ) , 
Ps = den s i ty  of p a r t i c l e s  (g/cm3) ,
P = den s i ty  o f  f l u i d  (g/cm3) ,  
g = g r a v i t y  of  ear th  (cm/sec3) ,
L = chain length (cm) ,
D = d i ameter (cm).
assumpt i ons
parameter 5*C 25 *c Reference
u 0.0154 0.0090 Knauss(1978)
Ps 1.040 1.040 Eppley e t  a l . (1967)
P 1.00403 1.00087 R i le y  and Chester (1971)
g 980 980
L 0 .0 2 0 .0 2
D 0 .0015 0.0015
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